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“No, you can't always get what you want.
But if you try sometime you find,
you get what you need”

Sir Michael Philip Jagger
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Chapter I

General Introduction

As a consequence of the increased consumption of fossil fuels
and natural resources being limited, new catalytic methods
based on general, abundant and renewable feedstocks are
needed. Small molecules, such as Nz, 02, CO; and H20 are
naturally present in the atmosphere and oceans and more
importantly they are emitted as industrial wastes on a massive
scale, which makes their accessibility unlimited. These
molecules can be transformed to or coupled with simple

substrates to construct more complex compounds.
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1.1 Small molecule activation

Catalytic methodologies are crucial in the industrial production of valuable
chemicals such as fuels, synthetic materials and drugs.! Precious metal complexes
have been widely studied as powerful catalysts in diverse transformations
improving features such as the overall yield, kinetic profile and selectivity for a
specific target molecule.2 By definition, a catalyst increases the rate of a chemical
reaction without being consumed during the reaction process.? According to this,
the catalyst moiety provides a more favoured kinetic pathway in the reaction
profile (Figure 1.1), without influencing the thermodynamics of the process (4G,

Gibbs free energy).

Energy

[
o

Reaction Coordinate

Figure 1.1: Standard reaction profile plot with and without catalyst.

As can be seen in the previous plot, the overall free energy of the process
(4G) is independent of the presence or absence of catalyst. The energy of the
product of the reaction B is lower than the starting material A, which means that
the transformation is exergonic and therefore thermodynamically favoured
(A4G<0). The free activation energy (A4G#) in a particular process is described as the
gap between the energy of the reactants in the ground state and the energy of the
less stable transition state involved during the reaction. The concerned catalytic

system follows a different pathway, lowering the activation energy of the chemical
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transformation, through the formation of different intermediates I until the
desired product is formed.

All the species involved in the reaction (starting materials, catalyst, product
and the different intermediates) are illustrated in a catalytic cycle, and the
investigation of the different intermediates facilitates the understanding of the
overall process (Scheme 1.1). The initial step involves binding of one or more
reactants to the active catalyst, forming intermediate species which are lower in
energy than the AG* of the non-catalyzed process. The reaction will evolve towards
the formation of the final product and regenerates the catalytic species, thereby
closing the catalytic cycle. The efficiency of the process is determined by the
maximum number of cycles that the catalyst can perform without suffering
degradation (TON).# To quantify the efficiency in terms of time, the value of the
turnover frequency (TOF) is used, which is easily derived from the turnover

number during a certain period of time, generally expressed in seconds, minutes or

L,Pd°
R'-R?
V _amount product

catalyst loading

hours.

Catalytic
RZ-Pd —L  Cycle  X= P,d‘R TON
R1 L seconds

\ ] R2-MgX

2 | ] 1
R*-Pd-R MgX
L

Scheme 1.1: The catalytic cycle for a cross-coupling reaction (left) with TON and TOF equations
(right).

The development of new catalysts is of crucial importance in different fields
of chemistry.> In the search for new and active catalysts, it is necessary to take into
account some guidelines: the catalyst must be relative easy to synthesize in terms

of time/cost efficiency; the toxicity should be considered especially in areas such



UNIVERSITAT ROVIRA I VIRGILI
MOLECULE AND CATALYST DESIGN FOR RECOGNITION AND ACTIVATION OF SMALL MOLECULES
Luis Martinez Rodriguez

Chapter

as pharmaceutical drug development and medicinal applications. As highlighted
before, high TON/TOF values are also important in order to improve the efficiency,
the sustainability and minimize the catalyst loading.® Finally, it would be desirable
that the catalyst has good air and moisture stability and robustness.

Transition metal complexes are often used as catalysts due to their intrinsic
diversity regarding their oxidation state, geometry and coordination number.”
These features can be readily modulated depending on the nature of the ligands
coordinated to the metal; as consequence a proper selection of the appropriate
ligand plays an important factor during catalyst screening. Transition metal
catalysis has witnessed continuous success in the activation/functionalization of
challenging C-X, C-H and other rather unactivated bonds,3° thereby evolving
organic synthetic chemistry to a high level of sophistication maximising aspects
such as chemo- and stereo-selectivity, and reducing the formation of by-products
and number of steps for the targeted molecule. Within catalysis research, small
molecule activation has received less attention although it has an important impact
on the environment and biosphere.10-11 Waste gases, such as COx or NOy are
generated on a large scale in industrial processes and released into the atmosphere
(Figure 1.2). Most of these waste molecules are responsible for global warming
and associated with negative implications of the greenhouse effect, in particular
CO2 and N20. From a sustainable point of view, however, their abundance render
these small molecules inexpensive and interesting syntons to construct more
complex molecules forming new C—C, C—0 or C—X bonds.12

On the other hand, simple small molecules including Oz, H, or methane are
reservoirs of chemical energy,13-1> which can be used as fuel like nature does in
biological systems,1¢ or can be incorporated as a building block in order to prepare

a certain compound.
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Figure 1.2: Tons of greenhouse effect gases emitted in 2014.

Dioxygen (0O2), in combination with organic matter, generally results in the
combustion of the organic framework at high temperature; but Oz can also be used
to oxidize in a chemoselective manner C=C or C-H bonds. Molecular oxygen is
among the greenest oxidants for redox reactions at the laboratory scale,” due to
its abundance and because water is the only by-product.l® One of the most
powerful ways to activate Oz is the use of metal complexes which can then mediate
oxidative chemical transformations. The aerobic oxidation of abundant metal
complexes such as Cu,19-20 Co,?1 or Fe22 has been widely studied and presents high
added value for pharmaceutical and agrochemistry.23

Waste gases like COx or NOx incorporate high electron density containing
multiple bonds between different heteroatoms, dipolar moments and may give
access to different coordination modes upon interacting with a metal.” For
example, the carbon dioxide molecule presents linear symmetry to minimize the
electronic repulsion. In the presence of suitable metal complexes, coordination
changes the electronic environment of the carbon dioxide molecule, elongating or
contracting the length of the C—O bond and also reducing the 0—C—0 angle?4-2>
activating it for further chemistry with other substrates.

Metal and metal-free Lewis acids can also be used to activate small organic
molecules such as epoxides, alcohols, carbonyl compounds among others thus

representing an important approach to carry out their conversion within synthetic
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methodology.26-27 These organic molecules are typically quite stable and higher
temperatures are required to overcome the activation energy barrier connected to
their conversion. Catalysts with powerful Lewis acid or basic sites are used to
improve the kinetics of the reaction. Metal-free Lewis acids including DCC (N,N-
dicyclohexylcarbodiimide) and DIC (N,N'-diisopropylcarbodiimide) are commonly
used to catalyse the synthesis of peptides. To synthetize biologically relevant
amino acids, amines and carboxylic acids are required as starting materials.28 The
amine group has an intrinsic basic character to perform a nucleophilic attack on
the carboxylic acid forming the desired amino acid. Some amines, however, are
more electron-deficient to perform the nucleophilic attack and thus the kinetics in
these cases are disfavoured. The use of activating agents, such as DCC, favours the
overall process by increasing the electrophilicity of the carboxylic acid and turning
it into derivatives with a better leaving group.?? Metal-based Lewis acids can
coordinate donor atoms of small molecules, hence activating them and reducing
temperature requirement for their conversion.3? The electron-donating character
of O- and N-atoms present in these small molecules have intrinsic Lewis base
behaviour. In the specific case of epoxides, an elongation of the carbon-oxygen
bond occurs after coordination to an electrophilic metal center, which makes the
carbon atom in the a-position more electrophilic favouring the nucleophilic attack

(Scheme 1.2).
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Scheme 1.2: Metal catalyzed nucleophilic ring-opening of epoxides.
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1.2 CO; valorisation

In other to secure a sustainable future for next generations, our society
must put an effort into the rational use of our natural sources. The anthropogenic
pollution has been increasing yearly since the first industrial revolution. Around
99% of carbon dioxide emissions are coming from to the use of carbon-based fossil
fuels. Although there is no clear evidence for this relationship, the increase of the
CO2 concentration in the atmosphere is likely related to the rise in global energy
consumption due an increasing world population (Figure 1.3).31 Carbon dioxide is
considered as one of the major contributors to climate change that may be
responsible for the extreme weather conditions that are regularly noticed

including heat waves, severe floods and hurricanes.
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Figure 1.3: Evolution of the CO; emission per individual (left) and evolution of the CO:

concentration in the atmosphere (right).

To keep the CO: emission level under control, changes are required
regarding our energy demands, reducing our dependence on fossil fuels and
finding industrially and synthetically viable processes for CO: valorization.32
Industrial processes such as ammonia production and fermentation generate
reasonably pure carbon dioxide at low cost, and can thus be used as feedstock for
chemical transformations. However, a mayor part of these CO2 emissions are
generated by power stations, which contain only 14% of CO.. Its separation from
N2 and especially from SOx and NOy is still not very efficient and increases the

overall cost of COz production.
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Since the first oil crisis, the recycling of CO2 has become of an ever
increasing importance, and some technologies have exploited the use of CO; as a
raw material at an industrial level such as in the formation of urea (almost 90% of
the recycled CO> is used in this process),33 salicylic acid,3* inorganic carbonates3>
and fuels production.3¢

From the molecular point of view, CO2 is a 16-electron, linear and
centrosymmetrical molecule in the ground state. This makes the molecule overall
nonpolar, containing two equal polar C=0 bonds with opposite dipole directions.
Consequently, the symmetrical stretching mode is inactive in the IR spectrum and
only the antisymmetric stretching band is observable around 2349 cm-1. This band
has a high intensity and is useful for the quantification of the amount of carbon
dioxide in the atmosphere.3” CO; is an inert molecule due to its high
thermodynamic and kinetic stability with the carbon center in the highest possible
oxidation state (+IV) and any transformation will thus require energy. A very
promising approach towards reducing the activation energy is the use of transition
metal catalysis. The carbon atom (LUMO orbitals) has a Lewis acid character and
can be described as an electrophilic center, whereas the oxygen atoms (HOMO
orbitals) have poor Lewis base character. As a consequence, carbon dioxide acts
predominantly as an electrophile and forms adducts with electron-rich species
upon which it transforms from a linear to a more bend structure with an 0—-C-0
angle close to 1332 to minimize electron repulsion effects. As a ligand, carbon
dioxide principally interacts with electron-rich metal centers through nl-C
coordination especially.?* Recently, different other coordination modes such as
N1-0 (preferred with electron-poor metals) and n2-C,0 chelation have also been
demonstrated to be able to activate carbon dioxide.25> These diverse coordinates
modes change the electronic distribution of the CO2 molecule and the resulting
deviations in the molecular angles could be conveniently studied, differentiated
and tabulated using IR spectroscopy. All these coordination modes have been
confirmed by experimental and theoretical studies, but there are only a few

isolated examples of metal complexes binding a COz molecule.38
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Figure 1.4: CO; derived small molecules obtained by reduction.

Once the carbon dioxide molecule is activated, two main different types of
chemical transformations can be carried out: a CO2 insertion reaction (keeping the
carbon in the highest oxidation state, i.e. +IV) or a chemical reduction of CO; that
lowers the oxidation state.3? The reduction reaction has attracted interest from the
scientific community since nature can obtain organic matter from carbon dioxide
through photosynthesis. Hydrocarbons can also be obtained from CO: via this
reduction method increasing thereby the H/C ratio compared to the highest
oxidation state. In order to achieve this, a hydrogen source is required and the
most commonly used one is molecular hydrogen (Hz). The complete hydrogenation
of carbon dioxide to obtain methane is known as the Sabatier process and is
currently one of the largest challenges in molecular science. This process requires
huge amounts of energy (heat, electrochemical or radiation) and harsh pressure
conditions. In order to increase the efficiency and sustainability of this process,
different studies have been done focusing on the different intermediates that can
be obtained from CO2 while reducing stepwise the formal oxidation state of the
carbon center and producing compounds such as formic acid, formaldehyde,

methanol and methane (Figure 1.4).40
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Figure 1.5: Number of peer-reviewed papers published annually concerning CO; valorisation.

On the other hand, different transformations can be performed while
keeping the carbon atom in the highest oxidation state. The discovery of new
methods and protocols to convert carbon dioxide as a chemical feedstock into
useful molecules has become a dynamic topic in chemical science, and as a
consequence the amount of publications related with CO; valorisation has greatly
increased over the last decades (Figure 1.5). The preparation of valuable building
blocks for organic synthesis such as lactones,*1-42 carbamates,*3 nonsymmetric
ureas,** isocyanates,*> polyurethanes,*¢ polycarbonates*’ and organic carbonates*8
from CO; has been studied and can be easily obtained under relatively mild

conditions (Scheme 1.3).

H
N. O 0
</\/ \n/ \) Rz\ JL ,Rz
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Scheme 1.3: Organic structures that can be obtained by CO; conversion processes.

10



UNIVERSITAT ROVIRA I VIRGILI
MOLECULE AND CATALYST DESIGN FOR RECOGNITION AND ACTIVATION OF SMALL MOLECULES
Luis Martinez Rodriguez

General Introduction

The formation of bio-renewable y— and d—lactones from conjugated dienes
and COz can be mediated by palladium catalysis. Starting from a Pd(0) precursor,
the first step involves coordination of butadiene to the metal center after which a
dimerization process occurs. A bidentate ligand, with weak Pd—N interaction, is
required to promote CO: insertion forming a Pd-allyl intermediate, that after
reductive elimination leads to the formation of the final lactone.42

The synthesis of polymers (polyurethanes and polycarbonates) from
oxiranes, azetidines or aziridines in combination with COz is a sustainable
alternative to the use of toxic phosgene (and its derivatives) at an industrial level.4?
Polyurethane synthesis is of high importance due to wide application potential as
thermo-insulators in the construction sector, and as adhesives and foams in many
consumer products. On the other hand, polycarbonates are presented as an
environmentally friendly alternative for thermoplastic polymers based on
bisphenol-A (BPA), which are obtained from fossil fuel derivatives. The
polycarbonates based on natural terpenes have received more attention due to
their natural abundance (they can be obtained from the peel of fruits) and their
high glass transitions (T, values).4650-51 Carbamates are important building blocks
in organic synthesis and can be easily obtained from alcohols, amines and C0O,.52-53
Very recently, the group of Kleij developed a method to obtain multifunctionalized
carbamates, controlling the regioselectivity using a Brgndsted base catalyst.
Starting from cyclic carbonates and amines, the regio-controlled aminolysis
process could be attained by proton-relay transfer using TBD as an

organocatalyst.>*

1.3 Supramolecular chemistry

Nature can be considered as a source of inspiration for synthetic systems
that can mimick chemical events that are based on noncovalent interactions
between molecules, thereby devising new applications and improved
understanding of supramolecular processes and systems. Enzymes belong to a

class of compounds that showcase that aggregated, structurally complicated

11
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molecules can act as highly effective biocatalysts that control all the metabolic
processes and transformations occurring inside any living organism.>> This control
involves a catalytic effect, i.e. accelerating or inhibiting a chemical conversion, and
requires a highly specific recognition of a particular substrate which will be
converted into the desired target molecule.>¢ This specificity is achieved by the
presence of so-called binding pockets (the active site) within the enzyme structure
that are characterized by complementary shape, charge and using attractive forces
optimizing the binding of the substrate. Enzymes are able to distinguish between
rather similar substrate molecules in a chemoselective, regioselective and
stereospecific manner.>” The function of the active site is not only substrate
recognition, but also mediating the chemical conversion in a (chemo)selective way
by lowering the activation energy (AG#). The latter can be achieved in different
ways:58 (a) providing an alternative reaction environment more effective for the
catalytic event, (b) destabilizing the substrate ground state, or (c) stabilizing the
transition state. The latter stabilization is due to specific interactions between the
enzyme and the substrate or, in terms of supramolecular chemistry, between
“host” and “guest” molecules.5® Ribosomes, as an example of enzymes, are
responsible for catalyzing important transformations in vivo,%0 such as RNA
cleavage.t! The nature of the interactions between a ribozyme and RNA are also
important to fully understand the process of self-assembly in a enzymatic complex
and to try to effectively reproduce such a process in vitro®2 with “artificial
enzymes”.63

Pauling first introduced the theory of enzyme catalysis, where the active
site redistributes and stabilizes the electron density around the substrate leading
to a lower energetic level of the transition state.®* More recently, Houk tried to
quantify the binding forces between enzymes and substrates by investigating the
affinities in artificial host-guest systems in order to extrapolate to in vivo systems.
The observations done suggest that the sole stabilization of the transition state is
not sufficient to explain the high activity of the enzyme, and therefore another
features must play an imperative role in the entire process.>

Supramolecular chemistry focuses on the study of macromolecular
structures (molecular containers, micelles, membranes among others) formed by

association of different (smaller) molecular units connected by non-covalent inter-

12
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and intramolecular bonds. Therefore, this domain of chemical research can be
considered a bridge between classical chemistry and biologic processes.®® The
involved non-covalent bonding between different molecules or fragments of
molecules are typically weak and thus reversible being the essence of
supramolecular systems (Figure 1.6). Different types of supramolecular
interactions can be used to build up macrostructures and the most relevant ones
include hydrogen bonding, coordinative interactions between donor ligands and
electrophilic metal centers, hydrophobic/hydrophilic interactions, complementary
ionic bonding and Van der Waals forces. Due to the liability of these weak
interactions, the self-assembly process is reversible and is considered to be

dynamic chemistry.6”

o)
(+) H
@ .
)

(+)

Figure 1.6: Hydrogen bonding interactions between water molecules.

This dynamic feature of any given supramolecular system gives it the
capacity to adapt its overall architecture in the presence of appropriate template
molecules, which may also involve substrates in catalytic processes. Different small
molecules can be used as templates, but metal ions are often used a classical
template as a result of their versatility in the available coordination numbers
(typically between 3 and 6) and geometrical modes (tetrahedral, square planar,
trigonal bipyramidal and octahedral).” These templating units can induce a
particular rigid orientation and thus controlling and fixing the overall shape of the

aggregated structure. One relevant of this templating behaviour was observed in

13
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the case of the calix[4]arene molecule, which in solution is present in two different
orientations in dynamic equilibrium, a feature that can be easily recognized by 'H
NMR spectroscopy. In the presence of a suitable metal ion, the conformation is
fixed (most commonly in the “cone” conformation) since the metal induces and

stabilizes a preferred geometry. (Figure 1.7).68

Metal center

J

Flexible structure

Cone
conformation

Figure 1.7: Schematic view of a self-assembly process induced by a metal template.

In supramolecular chemistry, molecular host structures which have an
inner cavity are named molecular containers, cavitands, capsules, molecular
vessels or cages. This family of macromolecules have been employed ever since
Cram described the first examples of molecular containers based on covalent
carcerands (Figure 1.8) which can encapsulate solvent molecules in their interior
in a non-reversible way.%%-70 Over the last decades, this field (especially using
hydrogen and coordinative bonds) has matured significantly resulting in the
development of different structures with nanometer-sized cavities.”? The inner
cavity of these containers has a predefined active site where a guest molecule can
be accommodated thereby playing different potential roles in the host-guest
system:72-73 (a) activating the substrate due to high affinity between the host and
the guest, (b) accelerating the rate of the reaction by increasing the concentration
of the substrate (cf, effective molarity),’* or (c) presenting unusual

(stereo)selectivity due to a pre-organized orientation in the host-guest system.
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Figure 1.8: A carcerand scaffold encapsulates solvent molecules.

By proper designing and using appropriate building blocks, a great variety
of geometrical molecular containers can be obtained such as cubes, pyramides and
prisms.”1 As was explained before, the metal centers play a templating role to
define the geometry of the cage. Metals ions like Pd(II) and Pt(II) show a strong
preference for square-planar coordination geometries which in combination with
suitable tritopic amines [1, 3, 5-tris(4-pyridil)triazines] leads to the formation of
molecular containers with a closed octahedral capsular structure (Figure 1.9). The
palladium ions located in the corners of the panel present a 902 cis geometry and
the tridentate ligand occupies alternate faces of the octahedron providing a large
inner cavity.’>76 The ionic character of the cage (charge +12) increases its
solubility in water and the hydrophilic nature of the cavity could potentially be
used to incorporate or transport small organic molecules across an aqueous media.

M
N
N
A
) =y P N s
g N
N, f \ff s

Figure 1.9: Metal-template mediated capsule formation.
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In order to obtain metal-free containers, an alternative for metal-templation
is to use hydrogen bonds to interconnect different panels of the cage. Rebek and
co-workers introduced a bowl-shaped type capsule based on two resorcinarene
units with aromatic panels in the upper rim, which are interconnected through
hydrogen bonding to obtain a cylindrical capsule with an inner space of around
400 A (Figure 1.10).77 As the presence of heavy (toxic) metals renders capsular
systems less attractive from a biological point of view, the formation of organic
capsules with a deep cavity and combining water solubility now brings the
opportunity of developing new drug delivery systems. The active drug molecule
can be included inside the capsule to avoid undesired secondary effects and being
transported through living systems and released in a time- and regio-controlled
manner. This concept is called “Troyan horse” and is already in use against fighting

cancer cells.”8

Figure 1.10: Cylindrical capsule reported by Rebek formed via multiple hydrogen bonding.

Calix[n]arenes are the most studied bowl-shaped molecules and especially
the smaller members of the series (n = 4 and 5) have received a great deal of

attention.”’® The classical methodology for their preparation is an acid-catalyzed
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condensation of aldehydes (generally folmaldehyde) in the presence of a phenol at
high temperature. The reaction starts with an electrophilic aromatic substitution
(EAS) followed by elimination of a water molecule and then a second substitution
occurs (Scheme 1.4). The phenolic groups present in the walls of the macrocycle
are joined by a methylene bridge to form the cavitand structure. These calixarenes
are symmetrical molecules with some conformational restrictions (especially in
the case of calix[4]arenes), and their preferred orientation can be defined as a
conical structure, which is commonly described as the “cone” conformation. This
predominant orientation is due to hydrogen bonding interactions between
hydroxy groups present in the lower rim. The upper rim has tert-butyl groups that
can be easily removed in order to functionalize and build up a more complex
macrocycle.8? From an application point of view, cavitands scaffolds can be used in
different fields of chemistry including molecular recognition,8! artificial molecular
machines’3 and substrate transport.82-83 Due to the high level of preorganization
and potential to study and induce cooperative effects between the cavitand
fragments, the calix[4]arenes moieties have been used as ligands in organometallic
chemistry to create highly active catalysts,84 the design of new sensors and in

enantioselective synthesis.8>

Scheme 1.4: Acid catalyzed the calix[4]arene formation.

In literature the term “cavitand” is used to refer to all kinds of macrocycles
which present an inner cavity such as crown-ethers, cyclodextrins, calixarenes,
calixpyrrols and resorcinarenes.86-88 However, according to the original definition
of the term cavitand, it refers specifically to compounds which incorporate an
enforced cavity; therefore resorcinarenes and calixarenes motifs can be truly
considered as cavitands after upper rim functionalization.8? The upper and lower

rims are localized in the peripheral parts of these macrocycles. These parts of the
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cavitand can be easily modified maintaining the required inner cavity intact for
guest recognition and/or binding. By modifying the upper rim, different functional
groups can be included to increase the binding of a potential guest or improve the
solubility of the capsule by installing polar/apolar groups.8! The affinity constant
between the host and the guest can be improved by maximizing the
complementary of the cavitand in terms of size and shape of the cavity, the

electron density and the steric requirements.

1.4 Molecular recognition

Molecular recognition was originally described by the “lock and key” model
developed by Fischer and described the high selectivity of enzymes for one specific
substrate (Figure 1.11).°° In order to mimic enzyme selectivity, a number of
artificial sensors have been developed, the first example was presented by
Pedersen at the end of the 1960s reporting a family of cryptands that are able to

selectively recognize metal cations.”!

SUBSTRATE

ENZYME

T o

Figure 1.11: The “lock and key” model introduced by Fischer.

Cryptands are molecular entities comprising of a cyclic or polycyclic
assembly of binding domains that contain three or more binding sites held
together by covalent bonds. Overall, this gives rise to a molecular cavity able to
bind another molecular entity more strongly compared to individual components.
The oxygen atoms of the crown-ethers can encapsulate various metal cations (Li*,
Ca*?, transition metals “TM™”) and even nonmetallic cations such as present in

quaternary ammonium salts inside the cavity whereas the counter anion stays
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outside of the macrocyclic assembly (Figure 1.12). On the other hand, anion
recognition has received far less attention despite the fact that biological molecules
such us DNA and certain enzymes (e.g. carboxypeptidase A)%2 are polyanions.?3-94
The design of the anion receptor must thus be done taking into account the
intrinsic nature of the negatively charged molecules: the size of the anions is
generally larger than of the cations meaning that they have a lower charge-to-

radius ratio, which results in a poorer electrostatic interaction with the receptor.?>

Figure 1.12: A cryptand encapsulating a cation representing a molecular recognition event.

Neutral organic molecules also present challenging guests in the area of
substrate recognition. Instead of electrostatic interactions, the molecular container
must rely on other weak interactions such as hydrogen bonding or metal
coordination in order to increase the guest selectivity (low interference or
competition) and sensitivity (low detection limit). High associating constants
between the host and the guest render the molecular receptor useful for sensing
applications. An excellent example of a selective receptor for carbohydrate
recognition was described by Davies and co-workers. They reported a lectin
modified with an anthrazene spacer, which has a high selectivity for binding
glucose in the presence of other different monosaccharides.?® The fact that the
lectin is bound to two anthrazene groups, which act as fluorophores, allows for

detection of the coordination adduct by fluorescence titration (Figure 1.13). Due
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to the high selectivity for glucose and the potential it has for quantitative

determinations, the system holds promise for blood-glucose tests.

Figure 1.13: Letin based equipped with anthracene units (top and bottom) for selective

recognition of glucose.

A practical and applicable sensor should display a specific recognition for a
target substrate and also transform the high affinity constant into a physical
detectable signal, which represents a technical challenge.?” Once a useful target
molecule has been selected as a potential guest, a complete characterization is
required to optimize the design of the corresponding sensor. Understanding the
shape, electronic properties and space orientation of the guest and applying this
information to improve the synthesis of the host following the “complementary
rules”, the affinity constant for the host-guest molecule can be optimized. One
seminal example of a well-designed receptor was reported by Ballester et al. who
focused on the recognition of creatinine using a calix[4]pyrrole motif (Figure
1.14) through encapsulation of the substrate inside its cavity.’® The newly
developed method for creatinine recognition presents a huge advantage compared
with known methods based on the Jaffe process discovered more than 100 years
ago.? Their sensor based on a calix[4]pyrrole scaffold provides high sensibility
and selectivity for creatinine under biological conditions encountered in urine or
plasma. The latter feature makes this an interesting system that could potentially

find a practical application in medicinal chemistry.
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Figure 1.14: A calix[4]pyrrole binding creatinine inside the inner cavity.

From another point of view, the advances made in molecular recognition
also has had a huge impact in the field of information technology, applying the
sensoring principles towards the development of molecular logic gates.190 Logic
gates are the most basic components of electronic digital devices, which
immediately (nanoseconds) transform a physical stimuli (input) in an observable
signal (output). These responsive signals are codified in a binary system with two
possible states: low (0) or high (1). The binary system is used in the computational
environment (PCs, smartphones, TVs, toys.) based on silicon-chips. Nowadays, the
miniaturization of the components (processors) is limited by physical
restrictions.101-102 The use of supramolecular systems as logic gates has created the

opportunity to make computers at the nanometer scale.103

1.5 Thesis aims and outline

Small molecule activation opens up new opportunities for the valorisation
of waste by-products generated on a large scale in industrial processes, which have
undoubtedly their negative influence on the (global) environment. Molecular
design plays an important role to successfully trap, recognize and convert these

small molecule substrates and to create new opportunities for sustainable
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chemical transformations. Towards this end, in this thesis different approaches for
small molecule recognition and conversion are presented. Different catalysts and
receptors have been synthesized and maximizing where possible features such as
the cost-effectiveness of the approach and the small molecule
recognition/conversion process efficiency under relatively mild conditions.

The aims of the work described in this thesis were: (i) to have a detailed
understanding of the self-assembly and recognition process of chiral diamines
using modular calix[4]arenes scaffolds and to study the key interactions which
control the chiral recognition process (Chapter 2); (ii) to develop new
methodologies for the synthesis of relevant organic carbonate structures starting
from an abundant, cheap and industrial waste: CO; (Chapter 3). (iii) To extend the
knowledge of classical chemical transformations by using a Pd-mediated
conversion of vinyl-substituted cyclic carbonates with the aim to provide new
synthetic opportunities for useful stereochemical transformations (Chapter 4).

The first experimental chapter (Chapter 2) describes the synthesis of a
family of cavitands upper rim functionalized with Zn(II) salphen complexes for the
chiral recognition of diamines. The self-assembly process between the Zn(II) units
and a series of diamine guests was studied in detail revealing a unique binding
process that involves both coordinative and other types of interactions. Titration
studies and computational analyses indicated the occurrence of an unexpected
though highly efficient cooperative encapsulation of the diamine guest by two di-
Zn(I)salphen based calix[4]arenes.

In Chapter 3 the focus is on CO: valorisation to obtain organic cyclic
carbonates from a series of epoxides and CO2 using an organocatalyst derived from
a resorcin[4]arene scaffold. The cavitand scaffold was systematically varied in
order to minimize the competitive self-assembly process through hydrogen
bonding which inhibits the catalytic activity. The kinetic data and substrate scope
for this newly developed organocatalyst are among the best reported to date for
metal-free formation of cyclic organic carbonates. As in Chapter 2, the use of
cooperative interactions between the cavitand structure and the epoxide substrate
increases the overall efficiency and provides a basis for further and improved

catalyst design.
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In Chapter 4, a new and unprecedented stereoselective synthetic
methodology is presented for the formation of (Z)-configured 1,4-diols under Pd
catalysis. Starting from readily available vinyl cyclic carbonates and using water as
nucleophile, synthetically useful 1,4-diols are produced releasing carbon dioxide as
the only by-product.

Overall, this thesis summarizes the efforts made in the area of small
molecule recognition (Chapter 2) and conversion (Chapters 3 and 4). The
importance of cooperativity between different binding sites within a
macromolecular host was studied and quantified in two different designs:
Zn(salphen) based calix[4]arenes showing unusual binding to chiral diamines and
cavitand-based polyphenols that display unprecedented activity for epoxide/CO>
coupling reactions. Small molecule activation and conversion (CO2 H:0) is
highlighted in Chapters 3 and 4 to access more complex value-added molecules,
illustrating the need to develop new and effective catalytic methods serving the

synthetic communities.
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Chapter II

Chirality Transfer from Diamines

Encapsulated within a Calixarene-Salen Host

A calix[4]arene host upper rim functionalized with two
zinc(Il)salphen complexes presents strong affinity for ditopic guests
such as diamines. The use of optically active diamines leads to an
efficient chirality transfer to the host confirmed by observation of
various Cotton effects by Circular Dichroism (CD) spectroscopy. An
unexpected 2:1 ratio between the host and the guest was found and an
encapsulation process of the guest was confirmed by detailed titration

and DFT studies.

This work has been published: L. Martinez-Rodriguez, N. A. G. Bandeira, C. Bo, A. W.
Kleij, Chem. Eur. J., 2015, 21, 7144 - 7150.
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2.1 Chirogenesis and sensoring

The transfer of chirality, also referred to as chirogenesis, plays an important
role in nature regarding proteins and other natural systems such as DNA.1-3 Chiral
transmission has also proved to be crucial in asymmetric catalysis processes,
where a metal or organic catalyst favors the formation of one preferred chiral
product in the enantiocontrolling step.#® Supramolecular chemistry has been used
to induce chirality, mimicking the weak interactions of metallo-enzymes present in
biological processes.”8 Highly efficient methodologies have been designed to
create materials with responsive features. Furthermore, smart materials have been
developed with predesigned sensing purposes.?-15

The field of chirality sensing has rapidly advanced over the last five years
with a strong focus on newly designed systems that may facilitate fast and efficient
determination of the concentration, absolute configuration, enantiomeric excess,
and/or molecular identity of a chiral analyte.l®-22 The transfer of the
stereochemical information between molecules is an important approach to
develop new chiral transformations, which are based on the use of a pro-chiral
precatalyst combined with an enantiomerically pure chiral ligand (often being
phosphines, amines and (amino)alcohols) to lead the formation of the desired

product with an enantiomeric excess (e.e.) (Scheme 2.1).

bJ,(:()zF{1 @) N (:C)2F1 F21()2(3\

H
(S R
F21()2(:’ FRZ B 12

DCM, rt R,

Scheme 2.1: L-Proline inducing chirality in an addition reaction.

Identifying the absolute configuration of organic molecules in asymmetric
reactions is of vital importance. Even though two enantiomers have essentially the
same physical properties (except for their interaction with polarized light), they
can often present distinct chemical activities with significant consequences in

biologic processes (i.e. talidomide).23 The absolute configuration of the compound
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is most commonly confirmed by X-ray diffraction. This technique presents several
drawbacks such as the requirement to crystallize the final product, time to obtain
the structure and cost and availability of a suitable diffractometer. As an
alternative solution, new methods have been developed to identify the absolute
configuration using Circular Dichroism (CD).2* The use of sensoring molecules
which interact with the chiral guest, absorb light at a specific wavelength (1) and
generate a response by a physical signal (intensity of the Cotton effect in the CD
spectrum) can provide an efficient means to determine the absolute configuration

of the substrate.

2.2 Metallosalphen complexes

Based on the affinity that metal compounds present to coordinate small
molecules containing donor atoms such as nitrogen, oxygen and phosphorus, metal
complexes have been widely studied as potential sensors. Focusing on the field of
chiral recognition, porphyrins have attracted most attention and still continue to
be popular hosts in chirality transfer processes.2>-31 On the contrary, salen
complexes have received less attention even though the salen ligands can be easily
synthesized, and metallosalen complexes are known with most of the metals from
the periodic table. These ligands can be easily obtained from a simple
condensation reaction of two equivalents of salicylaldehyde combined with one
equivalent of a diamine (Scheme 2.2). The flexibility of the salen ligand is
controlled by the amine moiety which acts as a linker between the two phenol
units generating a N;0:-tetradentate coordination enviroment.32 The use of cyclic
diamines, especially the aromatic ones, provides planar structures and the salen
ligands incorporating a phenyl bridge are commonly named “salphen”. By
modifying the salicylidene groups and the diamine linker, the electronic and steric
environment can be easily modulated. The family of zinc(II) salphen complexes
have found many applications such as in the field of homogenous catalysis,33 self-
assembled materials34-35 and chiral recognition.3¢

The rigidity of the tetracoordinate salphen ligand enforces the zinc ion to

reside in a square planar geometry, while zinc(Il) ions normally prefer a
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tetrahedral coordination. As a consequence, the Zn salphen complexes show axial
coordination potential providing square pyramidal geometries with the axial
position occupied by electron-donating N— or O—donor molecules3” or by polar
solvent molecules to increase the stability of the complex. In the absence of a polar
solvent, the salphen complex can dimerize through a self-assembly process via -
phenyloxo bridges between two zinc salphen units.38 Sterically crowded pendant
groups, like tert-butyl, can be installed in the 3 and 3" positions of the salicylidene
units (R1 in Scheme 2.2) of the salphen ligand to minimize or even block the self-

assembly process.3°

@ o Linker
R, I
L.
R R4
Rs

2 equiv. 1 equiv.

Scheme 2.2: General synthetic route towards salen ligands.

Dinuclear and trinuclear Zn(II)salphen complexes were reported for chiral
recognition of carboxylic acids, diamines, aminoalcohols and diols using
appropriate host-guest systems.*0 In most of the reported supramolecular host
systems to date, transfering of the chiral information by interaction with chiral
diamines is hampered by the requirement of a pretreatment of the analyte with
additives, the use of a “large” excess of diamine to avoid competitive processes, the
requirement of air-sensitive reagents, and/or a relatively low binding constant
between the host and guest partners. Owing to these challenges, the quest for an
efficient host system that can more efficiently recognize chiral diamines remains

an important undertaking.
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tBu

tBu

fixed biphenyl
conformation

Figure 2.1: Calix[4]arene 5 designed to bind ditopic molecules such as diamines.

For this purpose, the calix[4]arene 5 scaffold was designed with two co-
facially orientated Zn(II)salphen units that should accommodate the binding of
suitable chiral diamine guests and block the Cary-Caryi rotation of the biphenyl
units. These salphen complexes are known to form stable aggregates with amine
donor ligands in a 1:1 ratio; as a consequence, each molecule of calix [4]arene 5
would thus bind one molecule of chiral diamine (Figure 2.1). The biphenyl groups
which connect the calix unit with the salphen complexes are prochiral. This type of
chirality is axial like in the case of BINOL and its derivatives.#l This optical
property is also called helepticity and follows the same priority rules as
tetrahedral stereocenters (Figure 2.2).42 The S isomer is called P (plus) and the R

isomer is named M (minus).
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S isomer | ‘ ’ R isomer
P helicity M helicity

OHO

AN

Figure 2.2: Configurations of BINOL (top), heptahelicene (middle) and triaryl units (bottom)
following the Cahn-Ingold-Prelog rules.

2.3 Synthesis of calix[4]arenes based on zinc(II) salphen

complexes

The design of the molecular host was concluded by taking into account a
few important details in order to minimize undesired competitive processes. The
presence of tert-butyl groups in the 3 and 3 position of the salicylidene units are
necessary to avoid self-assembly between the zinc(II)salphen units.3° The ketimine
groups in the salphen framework will provide more stability and rigidity in the
host molecule.#3

Based on these considerations, the synthesis of bis-Zn(IlI)salphen
calix[4]arene 5 was carried out and details are provided in Scheme 2.3. The host

5 was overall functionalized with two distal Zn(salphen) complexes connected to
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the upper rim of the calix[4]arene leading to the formation of two prochiral
biphenyl units by rotation of the Caryi-Caryt bonds. At the lower rim, propyl groups
were introduced to preserve the cone conformation and increase the solubility in

organic solvents.

NH,
tBu tBu NH, O O
1. PhLi tBu I
OH 2. Me;SiCl ulii lill] . OH N
tBu - =

THF, 10° C Xylene

OH O OH O Dean-Stark H,N
180° C

MeOH/CHClI4
A

I
OPr OPrQOPFr OPr

4
ZnEt2
THF, r.t.

3

OPr

I
OPr OPrQOPr

5

Scheme 2.3: Synthesis of bis-Zn(II)salphen calix[4]arene 5.

33



UNIVERSITAT ROVIRA I VIRGILI
MOLECULE AND CATALYST DESIGN FOR RECOGNITION AND ACTIVATION OF SMALL MOLECULES
Luis Martinez Rodriguez

Chapter II

Starting from the commercially available 3,5-di-tert-butylsalicylic acid and
the organolithium reagent PhLi, ketone 1 was obtained in 92% yield. Compound 1
gave, in the presence of an excess of o-phenylenediamine, the ketimine product 2
through a condensation reaction carried out using a Dean-Stark apparatus (74%
yield). Precursor 2 in combination with the previously reported bis-salicyladehyde
344 allowed to prepare the bis-salphen ligand 4 in 70% yield. Bis-ligand 4 can be
metalated with a solution of diethylzinc (Et;Zn) to afford the final bis-

zinc(II)salphen calix[4]arene 5 in 83% yield.

|
OPr OPrOPr OPr

Pd(OAc),, P(o-tol)s
K,COs, Tol/MeOH O
80°C tBu
2

I MeOH/CHCI
OPr OPr OPr OPr A 3

I
8 OPr OProOpr OPr

9
antZ
THF, r.t.
tBu

OPr

I
OPr OProOPr

10

Scheme 2.4. Synthesis of mono-Zn(Il)salphen calix[4]arene 10.
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The analogous mono-zinc(Il)salphen calix[4]arene 10 was prepared to
perform control experiments and to calculate the association constant as will be
discussed below. The synthetic route (Scheme 2.4) started from the mono-5-
bromotetrapropoxycalix[4]arene (compound 6) and the reported boronic ester
derivative of 3-tert-butylsalicyladehyde (compound 7)*> which under Suzuki
cross-coupling reaction conditions gave access to the mono-salicyladehyde 8
supported by the calix[4]arene scaffold in 71 % yield. The latter was treated with
ketimine 2 and afforded the mono-salphen ligand 9 (62% yield). Finally, ligand 9
was metalated by Et:Zn leading to the formation of the desired mono-

zinc(II)salphen calix[4]arene 10 in 99% yield.

2.4 Host-guest assembly formation in the presence of diamines

The characterization of bis-Zn(II)salphen calix[4]arene 5 by 'H NMR
spectroscopy indicated the presence of only type of magnetically equivalent imine
protons (9.09 ppm in acetone-ds), which means that the electronic environment of
the two imine protons of the host molecule are equal (Figure 2.3, bottom, green) .
The addition of a solution containing a ditopic amine, such as (RR)-
diphenylethylenediamine (R,R)-L1, promoted the coordination of the diamine to
the zinc centers blocking thereby the free rotation of the biphenyl units. This
coordination process was observed in 1H NMR where the chemical shift of the
imine proton changed from 9.09 to 8.64 ppm (Ao=-0.45 ppm) indicating a
shielding effect exterted by the (R R)-L1 molecule (Figure 2.3, top, blue). Another
noteworthy effect is the observation of several imine peaks after addition of

diamine, which indicates the formation of different (stereo)isomers.
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Figure 2.3. 1H NMR spectra of calix[4]arene 5 host (bottom, green) and after the addition of 1
equivalent of (R R)-L1 (top, blue) in acetone-d¢ at 502 C.

The host calix[4]arene 5 can exist as four different atropisomers (P,P; P,M;
M,P and M,M) depending on the orientation of the tert-butyl groups with respect to
the Caryi-Caryt bond, as shown in Scheme 2.5. The addition of a ditopic ligand to a
solution containing calix[4]arene 5 prospectively blocks the free rotation of the
biphenyl groups and stabilizes a particular conformation as a consequence of
coordination between the bidentate ligand to the zinc centers. Two of the possible
atropisomers are optically active (the P,P and M,M ones) whereas the other two
are meso forms with the tert-butyl groups in cis configuration.*¢ By using chiral
diamines, preferred stereochemically controlled formation of one atropisomer of

calix[4]arene 5 can be induced.
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Meso form Optically active

Scheme 2.5. Different atropisomers that can be obtained considering the orientation of the tert-

butyl and the imine groups in calix[4]arene 5.

The potential induction of chirality was thus examined using an optically
pure diamine and the host calix[4]arene 5. First, an experiment with (R,R)-(+)-
1,2-diphenylethylenediamine, (R,R)-L1, was carried out measuring the polarized
light by CD spectroscopy and led to the observation of a first positive (+6 mdeg at
A =416 nm) and second negative Cotton effects (-6 mdeg at A = 476 nm) of the
corresponding calix[4]arene 5-(R R)-L1 complex (Figure 2.4). Consequently, the
addition of (S,S)-L1 induced a first negative and second positive Cotton effect
which stems from a counterclockwise coupling of electronic transitions and this

corresponds to the (M,M)-isomer (Scheme 2.5).36-47 As expected, the CD spectrum
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using rac-L1 resulted in non-observable Cotton effects due to the presence of

equimolar amounts of both enantiomers (R,R) and (S,S) of the diamine.

4
2
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Figure 2.4. CD spectra of calix[4]arene 5-(R,R)-L1 (left) and calix[4]arene 5-(S,5)-L1 (right) in
CH2Cl; (2 x 10-5 M).

In order to determine the nature and the stability of the complex generated,
different titration studies (UV-vis and CD) were performed. Titration of a solution
of calix[4]arene 5 (CH2Clz; 6 x 10-> M) with a solution of the diamine L1 (CH2Cl; 6
x 104 M) showed typical UV-vis changes for a Zn(salphen) derived complex. A
small but detectable bathochromic shift (A4 = 6 nm) was found together with a
significant decrease of the absorption upon addition of higher amounts of diamine
L1 (Figure 2.5). Similar types of bathochromic shifts of Zn(II)salphen units were
observed in the presence of pyridine donors.48-49 However, in these cases an
increasing absorption was noted at higher concentrations of analyte due to
aggregate-to-monomer transitions of these materials. Thus, in the present case it
seems that host molecule 5 does not seem to be in an aggregated state rendering it

useful for interaction with suitable ditopic substrates such as diamine L1.
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Figure 2.5. a) Zoom of the UV-vis spectrum for 5 (6 x 10-5 M; CHCl;) in the presence of increasing

amounts of diamine (R,R)-L1 (0-to-100 eq).

Titration studies using CD spectroscopy showed that the amplitudes of the
Cotton effects were increasing with the amount of chiral amine added.
Interestingly, an unexpected saturation point was obtained after the addition of
only 0.5 equiv. of optically pure diamine L1 (Figure 2.6 and 2.7). These results
suggest the formation of a complex with a 2:1 host-guest ratio where two
molecules of calix[4]arene 5 preferentially interact with one molecule of chiral

diamine, and not the expected formation of a 1:1 complex is observed as was

envisioned in Figure 2.1.
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Figure 2.6: Titration plot and curve (4= 412 nm) of host 5 (6 x 10-> M; CH:Cl;) with (RR)-L1
(added equiv. 0, 0.03, 0.06, 0.09, 0.12, 0.25, 0.37, 0.5, 0.62, 0.75, 0.87, 1, 1.25, 1.5, 2).
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Figure 2.7: Titration plot and curve (1= 412 nm) of host 5 (6 x 10> M; CH:Clz) with (§,5)-L1
(added equiv. 0, 0.03, 0.06, 0.09, 0.12, 0.25, 0.37, 0.5, 0.62, 0.75, 0.87, 1, 1.25, 1.5, 2).

The assembled structure calix[4]arene 5:(RR)-L1 proved to be rather
stable in solution as a large excess of 40 equiv. of the diamine guest are required to
fully disrupt the 2:1 assembly (Figure 2.8). The underlying reasons for this
unusual observation have been investigated in detail using various experimental

and computational methods (vide infra).

Ae / mdeg
Ae | mdeg
N

T T T T
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Figure 2.8: Titration plot and curve (1 =416 nm) of host 5 (6 x 10-5 M; CHCl;), showing the decay
upon addition of a large amount of (R,R)-L1 (added equiv. 0, 0.06, 0.12, 0.25, 0.5, 1, 5, 10, 20, 40,

100).

Thus, the unusual formation of 2:1 host-guest assembly, where two
molecules of calix[4]arene 5 interact with only one diamine molecule. To prove if

the formation of this unexpected 2:1 complex only occurs with this particular
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diamine L1, a bulkier diamine L2, containing naphthyl groups, was used in the
same titration studies (Figure 2.9). Gratifyingly, similar Cotton effects were
observed (comparing with (§,5)-L1) when (§,5)-1,2-Bis-(1-naphthyl)-
ethylenediamine (S,5)-L2 was tested; the saturation point was reached after the
addition of 0.5 equivalents of the ditopic ligand, confirming that the assembly
process is independent of the nature of the diamine. However, a lower Asvalue
obtained with (S,S)-L2 was noticed, and this effect may be explained by a poorer
binding affinity between the zinc centers and the nitrogen donor atoms being

under steric control.24
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Figure 2.9: Titration plot and curve (1= 426 nm) of host 5 (6 x 10> M; CH:Clz) with (S,5)-L2
(added equiv. 0, 0.03, 0.06, 0.125, 0.25, 0.5, 0.75, 1, 1.5) to a solution of 5 (6 x 10-5 M; CHCL).

To further investigate the structure of this self-assembled complex, DFT
calculations were performed (Figures 2.10-14). The computed structures based
on the complexes with calix[4]arene 5 (Figure 2.10) and diamine (S,S)-L1
(Figure 2.11) in a ratio 1:1 and 2:1 with their respective and relative energies
were generated and fully optimized using a ONIOM protocol. Interestingly, the 1:1
host-guest complex shows a higher degree of distortion within each Zn(salphen)
unit as a consequence of the ditopic binding of diamine L1, increasing the overall

energy of that complex (Figure 2.12).
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Figure 2.10: ONIOM-minimized structure of the calix[4]arene 5 host. The hydrogen atoms have

been omitted for clarity.

Figure 2.11: ONIOM-minimized structure of the enantiopure diamine (S,S)-L1. The hydrogen

atoms have been omitted for clarity.
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Figure 2.12: ONIOM-minimized structure of the monomer (M,M)-calix[4]arene 5-(S,5)-L1
complex with the host and guest present in a 1:1 ratio. The hydrogen atoms have been omitted for

clarity.

43



UNIVERSITAT ROVIRA I VIRGILI
MOLECULE AND CATALYST DESIGN FOR RECOGNITION AND ACTIVATION OF SMALL MOLECULES
Luis Martinez Rodriguez

Chapter II

Figure 2.13: ONIOM-minimized structure of the capsule (M,M)-calix[4]arene 5-(S,S)-L1 complex

with the host and guest present in a 2:1 ratio. The hydrogen atoms have been omitted for clarity.
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Figure 2.14: ONIOM-minimized structure of the capsule (P,P)-calix[4]arene 5:(S,5)-L1 complex

with the host and guest present in a 2:1 ratio. The hydrogen atoms have been omitted for clarity.
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Table 2.1: Relative energies calculated for the ONIOM-minimized structure of the capsule (M,M)-
calix[4]arene 5-(S,5)-L1 complex with host/guest ratios 1:1 and 2:1.

Chiral diamine Atropisomers Host/ guest ratio Energy/kcalmol-1
(S,S)-DPEN MM 1:1 -27.3
(S,S)-DPEN MM 2:1 -34.9

Two key features can be observed from the calculated structures (Table 2.1
and Figure 2.15). The first one is the fact that the calculated energy for the 2:1
complex is 7.6 kcal/mol lower than for the 1:1 complex (-34.9 versus —27.3
kcal/mol). The second feature is the presence of multiple n—= stacking interactions
in the host-guest system, which is not observed in the 1:1 complex (Figure 2.12).
These interactions between the phenyl groups of the guest and those of the

Zn(II)salphen units likely stabilize the assembled 2:1 complex.

Figure 2.15: Selected zoom of the n—n stacking interactions between the aromatic fragments of the

chiral diamine (S§,5)-L1 (space-filled) and the calixarene host 5.

With the computed structures in hand and observing that the formation of
the 2:1 complex is favoured over the 1:1, the theoretical CD spectra for both
optically active stereoisomers (P,P and M,M) were computed to compare with the
experimental spectrum. The calculated CD spectrum for (M,M)-calix[4]arene
5:(5,S)-L1 showed a remarkable resemblance with the experimental one,
confirming that this isomer should be the predominant species observed in

solution which is in concordance with the experimental results (Figure 2.16). The
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large resemblance of the experimental and calculated CD traces for the 2:1

assembly is further support of a selective encapsulation process.
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Figure 2.16: Comparison between the computed CD spectra for isomeric assemblies (P,P)-
calix[4]arene 5:(S,5)-L1 (red trace) and (M,M)- calix[4]arene 5-(RR)-L1 (green trace), and the

experimentally observed one (dashed trace).

In order to obtain more information about the assembly process, DOSY
NMR experiments were carried out. The diffusion coefficient value (D) of the
capsular molecule could be obtained via 'H DOSY NMR analysis using an apolar

solvent (CD2Cl2) at room temperature, (Figure 2.17).
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Figure 2.17: 1H DOSY spectrum for calix[4]arene 5:(S,5)-L1 in CDCl.
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Using the Stokes-Einstein equation for the diffusion of spherical particles,>0
the hydrodynamic radius (r) of the capsule could be estimated. The Boltzmann
constant (kg), the solvent viscosity (77 = 0.43 cP for CHzClz) and the temperature (T
= 298 K) are known values. The diffusion coefficient value obtained in this case for
the calix[4]arene 5-(S,S)-L1 complex, was D = 4.60 x 10-1° m2/s (log D = -9.337,
Figure 2.17). The calculation provided a molecular radius of 11.0 A which is close
to the value (11.4 A) obtained by averaging the radius (= diameter/2) for the
height (d = 26.4 A), width (d = 20.4 A) and depth (d = 22.8 A) of the ONIOM-
minimized structure calculated by DFT (Figure 2.13).

In order to further investigate the scope in diamine substrates, a series of
other potentially ditopic substrates (Table 2.2) were then combined with host
molecule 5 and recording their CD spectra. The other diamine substrates having a
(S,S) configuration (L2-L5) showed similar Cotton effects as (S,S)-L1 suggesting
that host 5 could indeed be useful to determine the absolute configuration of chiral
diamines. The presence of electron-withdrawing groups in the aromatic system,
reduces the nucleophilicity of the diamines, and as consequence, lower A¢ values
are recorded in the CD spectrum (Entry 4). On the other hand electron-donating
groups increase the amplitude of the Cotton effects (Entries 5 and 6).24
Interestingly, when chiral diamines with only one chiral centre were used L6—-L7
(Entries 7 and 8), similar CD behaviour was noted as observed for (S,5)-L1-L5, and
therefore the presence of only one chiral centre in the diamine substrate seems to
be required for effective chirality transfer. A more rigid diamine such as L8 did not
lead to any observable chirality transfer. The rigidity of the diamine L8 does not
allow for productive complexation as noted for L1-L7. The fact that O—donor
based amino-alcohol L9, amide-based L10 and diol L11 did not produce any useful
CD output is in line with previous work on the coordination behaviour of

Zn(salphen)s that prefer N-donor over alcohol ligands (Scheme 2.6).51-53

H,N  NH, NH> OH
/ A NH;
ORENOR
(S,5)-L8 (R,S)-L9 (S)-L10 (R,R)-L11

Scheme 2.6. Ditopic ligands which do not result in observable Cotton effects in the CD spectra

recorded in the presence of calixarene host 5.
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Table 2.2. Chiral diamines tested in the presence of the host 5 measured after the addition of 1

equiv. of ditopic ligand to calix[4]arene 5 in CH,Cl; at 6 x 10-5 M.

Entry Ligand Structure A (nm) Ag [M1.cm1]
| O 416 6
+5.
1 (RR)-L1 476 64
NH, '
9 ($.5)-L1 416 -54
476 +6.6
3 (5.5)-12 426 -4.0
475 +0.3
4 (5.5)-L3 420 -32
484 +1.2
5 (5.5)-L4 413 -95
476 +6.3
6 (S.5)-L5 424 -6.4
481 +3.0
; (5)-L6 424 -1.8
480 0
NH, 420 -2.3
8 (R)-L7 NH '
Me/'\/ 2 480 0

Various ratios of (RR)-L1 and (S,S)-L1 in the presence of host 5 were
analysed by CD spectroscopy and the amplitude of their Cotton effects compared
with the actual e.e. of the diamine samples (Table 2.3). The amplitude of the
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Cotton effects had a linear correlation with the enantiomeric excess of the sample
and the calibration showed low absolute errors in the e.e. determinations (around
1%), meaning that this calix[4]arene 5 could potentially be used to measure the
enantiomeric excess of diamine samples with good precision at very low

concentrations (10-5 to 10-¢ M) (Figure 2.18).

124

12
10 104
8 4
61 g
1]
2 21 2 6
° 04 °
£ ,E S
E "2 = 4
-4 1 < y =0.1238x - 1.1938
6] 5. R2 = 0.9993
-8
-10 ol
212 4
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360 400 440 480 520 0 20 40 60 80 100
A/ nm ee (%)

Figure 2.18: Calibration plot using different ratios of enantiomerically pure (S,5)-L1 and (R,R)-L1.

Table 2.3: Data of the calibration plot and linear regression for chiral recognition of unknown

analytes.

ee exp. ee calcd. absolute error
5 6 1%
25 25 <1%
43 43 <1%
67 66 1%
82 81 1%
100 101 1%

2.5 Binding constant and cooperativity factor

Based on the computed encapsulation mode presented in Figure 2.13 two
coordination steps may be involved. The first one is coordination of the nitrogen
atom of the diamine ligand to a zinc(salphen) complex of the calix[4]arene 5,
followed by a second coordination step to a second bis-Zn(salphen) calix host 5

(Scheme 2.7).
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=N

Zn Zn Zn Zn
K21= (Xsz Zn O‘ Zn
(—
‘ A4
\\Ki\ Ki 1-%

K11=2 Ky K11>21= aKp/2

OPr

OPr OPr OPr

10

Scheme 2.7: Schematic representation of the possible interaction modes of a diamine (blue) with

the calix host 5. On the right, reference mono-nuclear calixarene 10.

The encapsulation process is determined by the binding constant Kz,1 which
represents the binding of one diamine with two equiv. of calix[4]arene 5. If this
binding process is cooperative (i.e., K1,1<K 1,1-,2,1) then K21 = aKu? where a is the
cooperativity factor and Km represents the microscopic binding constant. The Km
value can be derived from the equation K1,1 = 2K with two possible and identical
binding sites for the amine. To evaluate possible cooperative effects in the
formation of the calix[4]arene 5-(L1) capsule spectroscopic studies (UV-vis) were
performed. To determine Km the mononuclear zinc(salphen) calix[4]arene 10
was thus prepared and titrated with a monoamine (benzylamine). The
calix[4]arene 10 was dissolved in CH2Cl2 (1.25 x 10-5 M) and was titrated with a
solution of benzylamine in CH2Cl; (2.5 x 10-2 M) adding 0, 1, 1.5, 2, 3, 6, 10 and 20
equivalents and recording the UV-vis spectra in each case. The titration plot was
performed and the data was imported into SPECFIT /32 in order to get K11 and
gave a value of 3.14 x 105 M-L. As a consequence, the association constant Km was

determined to have a value of 1.568 x 10> M-1,
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Figure 2.19: UV-vis plot of the titration of reference complex 10 (1.25 x 10-> M; CHCl;). Adding
different amounts (0, 1, 1.5, 2, 3, 6, 10, 20 equiv.) of benzylamine (2.5 x 10-2 M; CHCl). Data fit was
done at A =556 nm using SPECFIT/32.

Following Scheme 2.7, in order to get K21 a titration of host 5 was
performed using fluorescence spectroscopy. It is known that the sensitivity of
fluorescence spectroscopy is higher than that of UV-vis and CD. Therefore, since
zinc(salphen) complexes are fluorescence active, to determine Kz1, a fluorescence
titration of host 5 with (R R)-L1 as titrant was performed monitoring the changes
at =416 nm upon excitation. The analytical data was imported into SPECFIT/32
and the constant K21 was determined (Figure 2.20). Surprisingly, it was found to
be very high (1.59 + 0.14 x 1011 M-2) supporting a high stability of the encapsulated

system.

1,0x10° A T
)
7,8x10° o
8,0x10° )
S S 5
@ & 7,2x10°
2 6,0x10° E
< 4 <
6,6x10° -
4,0x10°
520 540 560 580 600 620 0,0 6,0x10° 1,2x10° 1,8x10°
r/nm N° eq

Figure 2.20: Titration of 5 (2 x 10-¢ M) with (RR)-L1 (2 x 104 M) in dry CH2Cl, (added equiv: 0,
0.125, 0.25, 0.5, 1.0, 2.0, 3.0, 5.0, 10). Data fit was done at A = 556 nm using SPECFIT/32.
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Once Km and K21 were determined, the cooperative constant value o (6.4)
was calculated following Scheme 2.7, revealing that the diamine encapsulation

process occurs with a high degree of cooperativity.

K, = 1.585 x 10™ +0.1359 M.

n=1.568 x 10° M™.

5 _ (Ky)'”
Ky =oK, 5 — &7 (K, )"

a = 1.585 x 10'Y/ 2.460 x 10'°= 6.4.

2.6 Conclusions and outlook

The design of a calix[4]arene containing two upper-rim positioned
Zn(II)salphen complexes has been described. The synthetic route used to prepare
host 5 was optimized to minimize undesired self-assembly between the individual
Zn(salphen) units and to increase the stability of the calixarene complex. This
calixarene-salphen hybrid host was then applied as molecular receptor for chiral
diamines revealing an unexpected binding motif between the host and the guest;
two molecules of calix[4]arene 5 (host) bind one diamine guest to form an
unusual encapsulated system with effective chirality transfer from guest to the
host as supported by CD experiments. The high stability of this new host-guest
system determined by various titration studies prospectively allows for the
determination of low concentrations of chiral diamines, their absolute

configuration and their enantiomeric excess as reported in this chapter.
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2.7 Experimental section

Gereral methods and materials: Compound 3,4 mono-5-bromo-
tetrapropoxycalix[4]arene 6,5% 3-(tert-butyl)-2-hydroxy-5-(4,4,5,5-tetra-methyl-
1,3,2-dioxaborolan-2-yl)benzaldehyde 7,4 (S)-1-phenylethane-1,2-diamine (S)-
L6,55 and (S)-2-amino-2-phenylacetamine (S5)-L105¢ were prepared as reported
previously. All others chemicals are commercial available in Aldrich or TCI and
used as received. 1H NMR and 13C NMR spectra were recorded on Bruker Avance
500 NMR spectrometers at 297 K. Chemical shifts are reported in ppm relative to
the residual solvent peaks in CDClz (6 = 7.26 ppm) and DMSO-de (6 = 2.50 ppm).
Mass analyses were carried out by the High Resolution Mass Spectrometry Unit at
the ICIQ in Tarragona, Spain. UV/Vis and CD spectra were recorded on an Applied

Photophysics Circular Dichroism Chirascan Spectrophotometer.

Synthesis of precursor (3,5-Di-tert-butyl-2-hydroxyphenyl)(phenyl)-
methanone, 1: Under an argon atmosphere, 3,5-di-tert-butylsalicylic acid (1.0 g, 4
mmol) was dissolved in dry THF (30 ml). A phenyllithium solution (1.8 M, 13 ml,
25 mmol) was added drop-wise at 0°C. The solution was then stirred at 10°C for
18 h. Then, freshly distillated Me3SiCl (7 ml, 56 mmol) was added, and the reaction
mixture was stirred for 1 h. Diluted HCI (3 M, 30 ml) was then added, and the
organic phase was extracted with diethyl ether and the combined extracts dried
over NazSO4. The product 1 was purified by column chromatography (5/95 up to
10/90 v/v ethyl acetate/hexane) to give a yellow solid. Yield: 92%. TH NMR (500
MHz, CDCI3): 6 = 1.25 (s, 9H), 1.49 (s, 9H), 7.44 (d, ] = 2.4 Hz, 2H), 7.71-7.48 (m,
5H), 12.71 (s, 1H); 13C NMR (125 MHz, CDCl3): 6 = 29.6, 31.4, 34.4, 35.4, 118.2,
128.0, 128.3, 129.4, 131.4, 131.7, 138.0, 138.9, 140.0, 160.1, 202.7. HRMS (ESI+,
MeOH): calcd for C21H2602Na [M + Na]*: 333.1825; found: 333.1828.

Synthesis of precursor (E)-2-((2-Aminophenyl)imino)-(phenyl)methyl)-4,6-
di-tert-butylphenol, 2: Compound 1 (273 mg, 0.88 mmol) was dissolved in
toluene (20 ml) and o-phenylenediamine (191 mg, 1.76 mmol) and p-
toluenesulfonic acid (8 mg, 0.09 mmol) was added to the mixture. The reaction was

performed using a Dean-Stark apparatus (1802C) for 30 h. Then, the reaction was
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cooled down and the precipitated solid was filtered off and washed with MeOH to
obtain 2 as a yellow solid. Yield: 74%. 1H NMR (500 MHz, CDClz): § = 1.15 (s, 9H),
1.51 (s, 9H), 3.84 (s, 2H), 6.27 (dd, J = 1.5; 8.0 Hz, 1H), 6.40 (td, J = 1.4; 7.6 Hz, 1H),
6.67 (dd, J = 1.4; 8.0 Hz, 1H), 6.81 (td, J = 1.5; 7.6 Hz, 1H), 6.96 (d, ] = 2.5, 1H), 7.17-
7.23 (m, 2H), 7.30-7.34 (m, 3H), 7.46 (d, J = 2.5 Hz, 1H), 14.90 (s, 1H). 13C NMR
(125 MHz, CDCl3): 6 = 29.7, 31.4, 34.3, 35.4, 115.2, 118.1, 119.0, 122.2, 125.6,
127.0, 128.1, 128.3, 128.5, 129.1, 134.2, 135.1, 136.7, 137.4, 139.1, 139.4, 159.9,
176.2. HRMS (ESI+, MeOH): calcd for Cz7H330Nz [M + H]J*: 401.2587; found:
401.2584.

Synthesis of precursor Bis-(4,6-di-tert-butylphenol-salphen)calix[4]arene
ligand, 4: Compounds 3 (150 mg, 0.16 mmol) and 2 (134 mg, 0.33 mmol) were
dissolved in a 50/50 v/v MeOH/CHCI3 (10 ml). The mixture was kept at reflux
temperature for 48 h (until all the aldehyde was consumed as followed by TLC).
Then the solvent was evaporated to afford a yellow solid, which was washed and
triturated with MeOH. Yield: 70%. 'H NMR (500 MHz, CDClz): 6 = 0.88-1.00 (m,
12H), 1.11 (s, 18H), 1.36 (s, 18H), 1.53 (s, 18H), 1.84-2.03 (m, 8H), 3.23 (d, J = 13.5
Hz, 4H), 3.66-3.80 (m, 4H), 3.99-4.12 (m, 4H), 4.52 (d, /] = 13.0 Hz, 4H), 6.16-6.35
(m, 8H), 6.86-6.92 (m, 2H), 7.03-7.33 (m, 18H), 7.46 (d, ] = 9.5 Hz, 4H), 7.63 (s, 2H),
8.53 (s, 2H), 13.88 (s, 2H), 14.70 (s, 2H). 13C NMR (125 MHz, CDCl3): 6§ = 10.0, 11.0,
23.2, 23.7, 29.4, 29.8, 31.1, 31.4, 34.2, 35.2, 35.4, 76.6, 77.4, 118.4, 118.5, 119.3,
122.3, 123.6, 125.3, 126.8, 127.0, 127.7, 128.3, 128.4, 128.8, 129.3, 131.2, 133.2,
134.4, 135.6, 137.4, 138.2, 138.7, 139.5, 142.1, 155.4, 157.4, 160.0, 160.3, 162.8,
176.0. HRMS (ESI+, MeOH): calcd for C116H13308N4 [M + H]*: 1710.0118; found:
1710.0064.

Synthesis of  Bis-(4,6-di-tert-butylphenol-salphen)calix[4]arene zinc
complex, 5: Under an argon atmosphere, compound 4 (100 mg, 0.059 mmol) was
dissolved in dry THF (10 ml), and then a solution of ZnEt, (1M, 0.12 ml, 0.118
mmol) was added drop-wise and the reaction mixture was stirred for 4 h. Then,
the solvent was evaporated to afford a bright orange solid. Yield: 83%. 1H NMR
(500 MHz, DMSO-de): § = 0.91 (t,J = 7.5 Hz, 6H), 1.02 (s, 18H), 1.09-1.15 (m, 24H),
1.45 (s, 18H), 1.83-1.90 (m, 4H), 1.95-2.03 (m, 4H), 3.22-3.26 (m, 4H), 3.62-3.68
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(m, 4H), 4.01-4.07 (m, 4H), 4.38-4.45 (m, 4H), 4.94 (s, 4H), 6.21-6.28 (m, 8H), 6.33
(d,] = 6.7 Hz, 2H), 6.48 (d, ] = 7.9 Hz, 2H), 6.57-6.81 (m, 4H), 7.07 (t, ] = 8.0 Hz, 2H),
7.23-7.28 (m, 4H), 7.37-7.45 (m, 10H), 7.56-7.69 (m, 4H), 9.04 (s, 2H). 13C NMR
(125 MHz, DMSO-de): 6 = 10.0, 11.0, 22.8, 23.3, 29.6, 29.8, 30.3, 31.3, 33.6, 35.0,
35.3, 35.6, 76.1, 77.0, 114.7, 115.9, 119.1, 119.7, 121.9, 125.5, 126.0, 126.4, 127.3,
127.6, 128.0, 128.2, 128.5, 129.0, 132.0, 132.9, 134.9, 136.5, 136.8, 140.2, 140.3,
140.7, 141.2, 141.7, 155.0, 156.0, 159.6, 162.9, 170.1, 171.4, 174.2, 175.8. HRMS
(MALDI+, dctb): calcd for Ci16H13008N4Zn, [M + Na]*: 1836.8628; found:
1836.8772.

Synthesis of precursor 5-Mono-[1-(3-tert-butyl-2-hydroxy-1-formylphenyl)]-
25,26,27,26-tetra-propoxy-calix[4]arene, 8: Under an argon atmosphere,
Pd(OAc)2 (10 mg, 0.045 mmol) and P(o-tol)3 (27 mg, 0.089 mmol) were dissolved
in previously deoxygenated toluene (25 ml). After stirring the mixture for 30 min,
mono-5-bromo-tetrapropoxycalix[4]arene 6 (500 mg, 0.74 mmol)>3 and 3-(tert-
butyl)-2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-benzaldehyde
(268 mg, 0.88 mmol)*3 were dissolved in deoxygenated MeOH (5 ml) and added to
the mixture with an aqueous solution of K2CO3 (2 M, 5 mL). After 40 h stirring at
652 C, the reaction mixture was cooled down and water (10 mL) and HCI (1 M, 5
mL) were added. The crude product was filtered through Celite and extracted
three times with ethyl acetate. The organic phases were combined and dried over
NazS04. The solvent was evaporated and the white solid obtained further
triturated with MeOH. Yield: 71%. 1H NMR (500 MHz, CDCl3): 6 = 0.95 (t,/ = 7.4 Hz,
6H), 1.04 (t, /] = 7.4 Hz, 3H), 1.07 (t, ] = 7.4 Hz, 3H), 1.40 (s, 9H), 1.86-2.01 (m, 8H),
3.15(d,J=13.4 Hz, 2H), 3.20 (d, / = 13.4 Hz, 2H), 3.76 (t,/ = 7.1 Hz, 2H), 3.81 (t, ] =
7.1 Hz, 2H), 3.91-3.98 (m, 4H), 4.46 (d, /] = 13.4 Hz, 2H), 4.50 (d, J = 13.4 Hz, 2H),
6.06 (t, / = 7.5 Hz, 1H), 6.31 (d, /] = 7.5 Hz, 2H), 6.51 (s, 2H), 6.74 (t, ] = 7.5 Hz, 2H),
6.85 (d, J = 7.5 Hz, 2H), 6.89 (d, J = 7.5 Hz, 2H), 7.22 (d, ] = 7.5 Hz, 2H), 9.86 (s, 1H),
11.65 (s. 1H). 13C NMR (125 MHz, CDClz): 6 = 10.3, 10.7, 23.3, 23.5, 23.6, 29.4, 29.8,
31.1, 31.3, 35.0, 77.0, 77.1, 77.4, 120.6, 121.8, 122.0, 126.2, 127.7, 128.7, 128.8,
129.7, 132.9, 133.4, 133.7, 134.4, 134.9, 136.0, 136.3, 138.0, 155.8, 156.1, 157.4,
160.0, 197.5. HRMS (ESI+, MeOH): calcd for CsiHeoOsNa [M + Na]*: 791.4282;
found: 791.4281.
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Synthesis of precursor 5-Mono-(4,6-di-tert-butylphenol-salphen)calix[4]
arene ligand, 9: Compounds 8 (100 mg, 0.13 mmol) and 2 (78 mg, 0.20 mmol)
were dissolved in a 1:1 v/v MeOH/CHCI3 (5 ml). The mixture was stirred and kept
at reflux temperature for 30 h, and showed then full consumption of the aldehyde
reagent by TLC. Then the solvent was evaporated to afford a yellow solid, which
was triturated with MeOH. Yield: 62%. 1H NMR (500 MHz, CDCI3): § = 0.96 (t, ] =
7.4 Hz, 6H), 1.01-1.06 (m, 6H), 1.09 (s, 9H), 1.27 (s, 9H), 1.51 (s, 9H), 1.86-1.98 (m,
8H), 3.17 (dd, ] = 6.7; 13.5 Hz, 4H), 3.78 (t, / = 7.3 Hz, 2H), 3.83 (t, /] = 7.3 Hz, 2H),
3.92 (t, ] = 7.5 Hz, 4H), 4.47 (t, ] = 13.5 Hz, 4H), 6.15 (t,/ = 7.5 Hz, 1H), 6.38 (d, ] =
7.5 Hz, 2H), 6.58 (s, 2H), 6.69 (t, /] = 7.5 Hz, 2H), 6.76-6.91 (m, 6H), 7.00-7.13 (m,
8H), 7.20 (t,/ = 7.3 Hz, 2H), 7.42 (d, ] = 2.3 Hz, 1H), 8.31 (s, 1H), 13.72 (s, 1H), 16.64
(s, 1H). 13C NMR (125 MHz, CDCl3): § = 10.3, 10.6, 10.7, 23.3, 23.5, 23.6, 29.3, 29.8,
31.1, 31.3, 31.4, 34.1, 35.0, 35.4, 118.2, 118.5, 119.1, 122.0, 123.6, 125.2, 126.3,
126.7, 127.6, 128.8, 128.2, 128.6, 128.7, 128.8, 128.9, 129.6, 131.5, 134.5, 134.6,
134.9, 135.6, 135.8, 136.0, 137.4, 137.6, 138.7, 139.6, 142.1, 155.6, 156.2, 157.3,
159.7, 160.2, 162.8, 175.9. HRMS (ESI+, MeOH): calcd for C7s8H91N20¢ [M + H]*:
1151.6872; found: 1151.6850.

Synthesis of 5-Mono-(4,6-di-tert-butylphenol-salphen)calix[4]arene Zinc
complex, 10: Under an argon atmosphere, precursor compound 9 (100 mg, 0.086
mmol) was dissolved in dry THF (10 ml) and then a solution of ZnEt> (1 M, 0.09 ml,
0.09 mmol) was added drop-wise, and the mixture was further stirred for 4 h. The
solvent was evaporated to afford a bright orange solid. Yield: 99%. 'H NMR (500
MHz, DMSO-ds): 6 = 0.96 (t, / = 7.5 Hz, 6H), 0.99-1.05 (m, 15H), 1.39 (s, 9H), 1.52 (s,
9H), 1.87 (dt, ] = 7.3; 14.3 Hz, 8H), 3.14-3.24 (m, 4H), 3.70-3.88 (m, 4H), 4.30-4.42
(m, 4H), 6.04 (t, ] = 7.7 Hz, 1H), 6.33 (d, ] = 7.5 Hz, 2H), 6.57 (s, 2H), 6.68 (t,J = 7.3
Hz, 2H), 6.76-6.88 (m, 6H), 6.96 (s, 1H), 7.03-7.42 (m, 14H), 8.88 (s, 1H). 13C NMR
(125 MHz, DMSO-ds): 6 = 10.2, 10.4, 10.5, 22.8, 22.9, 23.0, 29.4, 29.5, 29.7, 30.2,
30.4, 30.7, 31.0, 31.1, 33.5, 34.6, 34.9, 35.0, 35.4, 76.3, 116.4, 118.9, 119.1, 121.5,
121.6, 121.8, 124.6, 124.7, 125.2, 125.3, 125.7, 126.5, 127.5, 128.0, 128.2, 128.3,
128.9, 129.7, 131.3, 131.8, 134.2, 134.4, 134.6, 135.1, 136.2, 137.8, 139.9, 140.0,
141.0, 154.3,155.8, 155.9, 156.3, 156.6, 162.6, 170.9, 171.0, 174.0. HRMS (MALDI+,
dctb): calcd for C7sHggN206Zn [M]*: 1212.5934; found: 1212.5929.
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Obtaining UV/CD spectra: To obtain a typical spectrum data, calix[4]arene 5
was dissolved at a concentration of 6 x 10-> M in CH2Cl. 0.5 mL of this solution was
transferred into a cuvet and 1.0 equivalent of the corresponding ditopic ligand (6 x
10-3 M) in CH2Cl2 was added. The mixture was mixed thoroughly and the UV/CD-
spectra recorded subsequently. Typically, the Cotton effects were noted around
380 to 520 nm. Eighth different chiral diamines, one aminoalcohol, one
aminoamide and one diol were used as potential ditopic guests (Scheme 2.6 and

Table 2.2).

UV-vis/CD/fluorescence titration studies: To determine the binding constant
between the host and guest, titration studies were performed using complex 5 as
host and (RR)-L1 or (§,5)-L1 as chiral guest to obtain the titration data and
corresponding titration curve. The host 5 was dissolved in CH2Cl; (6 x 10-5 M) and
0.5 mL of this solution was transferred to an UV-cuvet. The guest (R R)-L1 was
dissolved in CH2Clz (6 x 103 M and 6 x 10-* M solutions were prepared). Different
amounts of the guest solution were added and the UV-vis (360-480 nm) and CD
spectra (380-520 nm) were recorded. The amount of guest used were 0, 0.06, 0.12,
0.18, 0.25, 0.31, 0.37, 0.43, 0.50, 0.62, 0.75, 1.00, 1.50 equivalents. The titration

curve at A = 416 nm was then determined.

DFT calculations: The DFT calculations were performed in collaboration with the
group of Carles Bo (ICIQ). The Gaussian 09 software package5’ was used in a two
tier (ONIOM2) approach.’®8 The high layer was constituted of the simpler
[Zn(salphen)] moiety and the bridging diamine whereas the remainder of the
organic framework was modelled as the low layer. The high layer was described
with the density functional approach, namely the B3LYP gradient-corrected hybrid
three parameter functional>?-60 built upon the Slater local exchange,®! and the
Vosko, Wilk and Nusair’s local®? correlation (VWN formula 3) functionals. The
basis set was of the Pople, type contracted 6-31G(d,p) split-valence basis set for all
elements. The low layer was described through the semi-empirical parametric
model 6 (PM6) of Stewart®3 employing valence-only Slater-type orbitals
approximated by a primitive set of six Gaussian functions (STO-6G) on all the

atoms. The layer interface was composed of hydrogen link atoms. The total energy

58



UNIVERSITAT ROVIRA I VIRGILI
MOLECULE AND CATALYST DESIGN FOR RECOGNITION AND ACTIVATION OF SMALL MOLECULES
Luis Martinez Rodriguez

Chirality Transfer from Diamines Encapsulated within a Calixarene-Salen Host

of the system can thus be computed>8 as: E(ONIOM2)=Ehigh 1ayer (Subsystem)+Eiow
layer (full system)— Elow layer (Subsystem). The geometries were optimized without
any constraints until the default convergence criteria were met. The electronic
circular dichroism (ECD) rotatory strength values of the dinuclear complexes were
computed with time dependent density functional theory (TDDFT)é46> as
implemented in Gaussian 09 selecting thirty singlet to singlet transitions in an all
electron single point calculation. The computed intensities were broadened by a
Gaussian function to be comparable to the experimentally determined spectrum.
For the tetranuclear complexes, the calculation of ECD spectra in Gaussian 09 was
exceedingly demanding, as it involves a very large number of excitations, so it was
opted to compute these ECD transitions with the ADF¢6 program, in which a single-
point calculation was performed on the previously optimized ONIOM geometry. A
double-zeta basis set was employed on all the light atoms while employing a triple-
zeta basis set on zinc. One advantage in favor of expediting this demanding
calculation was the inclusion of [He] and [Ne] frozen cores on the light elements
(apart from hydrogen) and zinc, respectively. The basis sets were further
augmented with one polarization d function for C, N, and O and a p function for Zn.
A total of three hundred singlet-to-singlet excitations were calculated to reproduce
the excitation spectra of the tetranuclear zinc complexes. The GGA class BLYP
functional was employed rather than the aforementioned B3LYP used in Gaussian

to eschew the computation of exact exchange integrals.
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Chapter III

Cavitand Scaffolds as active Organocatalysts

for Carbon Dioxide Conversion

The use of cavitand scaffolds based on polyphenols as organocatalysts
for carbon dioxide valorization into useful organic cyclic carbonates is
discussed in the context of sustainable catalysis. The preorganization
of the phenolic units allows for intra- and intermolecular hydrogen
bond (HB) networks affecting the reactivity and stability of these
cavitand catalysts. These resorcin[4]arenes show cooperative
catalysis behavior compared to parent resorcinol in the catalytic
coupling of epoxides and CO: with significantly higher turnover

numbers and frequencies.

This work has been published: L. Martinez-Rodriguez, ]. Otarola Garmilla, A. W. Kleij,
ChemSusChem, 2016, 9, 749-755.
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3.1 Cyclic carbonates

One of the biggest challenges associated with carbon dioxide valorization is
the design of appropriate catalytic systems that show improved reactivity and
selectivity behavior.l® From a sustainable point of view, carbon dioxide is a
renewable reagent with high abundance being a by-product from many industrial
processes such as the synthesis of ammonia, fermentation processes and the
combustion of fossil fuels or organic matter. Since carbon dioxide represents a
kinetically and thermodynamically stable molecule, its conversion into useful
products involves a large energy barrier. Up to date, most of the attention in the
area of CO; catalysis has been based on metal complexes of various kinds showing
in a few cases high reactivity and unusual scope and/or selectivity.”-11 Metal
catalysts based on abundant metals such as Zn,12-20 Fe,21-27 A],28-35 and Co36-40 have
by far received most of the attention allowing for significant evolution in both
catalyst design as well as improving the product portfolio that can be accessed
from CO; representing a cheap carbon feedstock for chemical synthesis (Scheme
3.1).

One of the most widely studied non-reductive CO; valorization processes is
the preparation of cyclic organic carbonates.#1-43 They have obtained increasing
relevance in the field of material science and organic synthesis due to their
intrinsic character as aprotic polar solvents, electrolyte solvents for lithium

batteries and as intermediates in organic synthesis.#447

= OAc

Scheme 3.1: Highly active metal catalysts for CO, conversion reactions: North catalyst (left), Kleij

catalyst (middle) and Williams catalyst (right).
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Using these organometallic catalysts as Lewis acids in the direct coupling
between CO; and oxiranes leads the selectively formation of organic carbonates
and represents an atom-efficient transformation from inexpensive and readily
available starting materials. The Lewis acid complex alone does not show any
activity to perform the CO: insertion reaction; a binary/bifunctional catalytic
system is required to perform this reaction.48 By the combination of a Lewis acid
and a nucleophile, the activation energy is lowered to mediate the conversion of
epoxide and CO; to finally form the cyclic organic carbonate. As was stablished
previously by DFT studies, the presence of a Lewis acid complex to convert
propylene oxide into the corresponding cyclic carbonate may reduce the activation
barrier of the overall process by more than 20 kcal/mol in the case of a
zinc(salphen) complex, and by more than 25 kcal/mol in the presence of an
aluminium triphenolate complex.49-50

The mechanism for this transformation has been well explored through
control experiments in combination with DFT calculations (Scheme 3.2).51-53
Traditionally, Lewis acid metal complexes are used to coordinate/activate the
oxiranes (SM) through a metal-oxygen interaction changing the electronic
environment of the epoxide, increasing the electrophilicity of the carbon atom in
the a-position to the oxygen atom (I1). Then a nucleophile is required to ring open
the oxirane typically by attack on the least hindered carbon center (halide salts
such as tetrabuthylammonium iodide or bromide are the most common
nucleophiles used) forming an alkoxide intermediate (I2) which is stabilized by
coordination to the metal central. No product is observed in the reaction mixture
in the absence of the nucleophile, showing the crucial role of the nucleophile
during the CO2 conversion process. Bimetallic catalytic systems, such as the bis-
aluminium(salphen) complex reported by North (Scheme 3.1), plays a double role
during the reaction presenting a different mechanistic pathway.’* The bis-
aluminium(salphen) complex has the ability to activate the epoxide and also the
carbon dioxide in a preorganized manner for intramolecular coupling. This effect is
rather unique and explains its catalytic activity for the CO2 insertion reaction at

room temperature.
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Scheme 3.2: Catalytic cycle for the coupling of epoxides and CO; using a binary catalyst based on a

Lewis acid and accompanying nucleophile.

After formation of the alkoxide intermediate a molecule of CO;, which is
partially dissolved in the solvent or in the epoxide (under neat conditions) is
inserted into the metal-alkoxide bond forming a linear metal-carbonate complex
(I3). This step involves the formation of a new C—0 and M—O bond. The linear
carbonate intermediate undergoes an intramolecular ring-closure releasing the
nucleophile and Lewis acid, and leading to the formation of the desired five-
membered ring carbonate (P). The ring-closure process can proceed with
inversion or retention of the configuration via Sn2 or Sx1 mechanisms (Scheme
3.3). The Sn1 process is favored when using highly substituted epoxides which
contain electro-donating groups that can stabilize the carbocation intermediate
generated in the first step of the Sn1 process (left side Scheme 3.3). The nature
and amount of the nucleophile used as co-catalyst can also play an important role

in the stereochemical divergence of the final product. 52-53
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Scheme 3.3: Proposal ring-closure mechanism with two stereochemical pathways: via Sn1 (left)

and Sn2 based ring-closure (right).

In other to avoid potential toxicity issues related with the use of metal
complexes as catalyst components, organocatalysis has recently appeared on the
radar of synthetic chemists representing a viable and more sustainable alternative
in CO2 valorization reactions.>>-57 In particular, the catalytic coupling of epoxides
and CO2 has been studied extensively and can be regarded as a benchmark process
for a new catalyst development in non-reductive CO2 couplings. Progress in this
area has been considerable with the development of efficient catalyst systems
based on binary or bifunctional systems comprising of azaphosphatranes,>8-59
polyphenols,®0-62 phosphonium or ammonium alcohols,?3-6> silanediols®® and
fluorinated alcohols (Scheme 3.4).67-68 All of these catalytic systems are based on
the capacity of the catalyst molecules to form hydrogen bonding interactions with
the epoxide. The use of molecules that contain amine and/or alcohols motifs have
become of high interest for the conversion of epoxides through hydrogen bond
(HB) activation. The HB network that arises upon activation of the epoxide

towards the formation of key intermediates consequently lowers the kinetic
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barrier allowing for either lower temperature conditions (452C)%1-62 or the use of a

reduced amount of the catalyst loading for higher effective catalytic turnover.

HO OH R ®

' :
11: X = H; resorcinol Q/N—\—J> Cl

12: X = OH; pyrogallol

OH
HO OH
OH
OH
(o] (o] (o)
HO ° o OH
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Scheme 3.4: Organocatalysts used for HB activation of epoxides and their coupling with CO..

The catalytic activity of polyphenols presents a relation with the Brgndsted
acidity of these molecules. Polyphenols containing electron-withdrawing groups in
the aromatic unit (which have lower pKa values than phenol) show higher activity
in the formation of organic carbonates from epoxides and CO2, and also present
more attractive kinetic profiles than polyphenols containing electron-donating
groups.®? This effect can be explained as consequence of a better stabilization of
the negative charge generated at the alkoxide stage (I2 in Scheme 3.2) after initial

nucleophilic attack.
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The concentration of hydroxy groups in the phenol unit also can help to
delocalize better the negative charge and decrease the activation energy of the
overall process.®0-62 Nonetheless, there are still challenges to be met regarding the
stability of the catalyst based on polyphenols and specifically upon using such
systems at higher reaction temperatures (ie, 802C). At these elevated
temperatures, some catalyst degradation through deprotonation and formation of
inactive phenolate groups cannot be fully avoided preventing the efficient
recycling of these phenolic additives and thus restricts the total turnover number
(TON).62

Parallel to the development of these latter catalytic systems and based on
another interesting concept, metal-free cavitand scaffolds have also been reported
to increase the nucleophilic character of halide salts by molecular recognition of
the cation.®® These catalyst systems thus act as supramolecular hosts having
appropriate binding pockets based on phosphorus ylides’® or hydroxy-
functionalized mono- and bisimidazolium bromides”! for selective recognition and
encapsulation of the ammonium cation, thereby separating the ion pair and
activating the nucleophilic anion to perform the ring opening the epoxide.

Therefore, combining the use of preorganized scaffolds such as cavitands
and the presence of polyphenol units, and unifying these two features within one
structure should provide a new powerful catalyst design with high catalytic
activity in the conversion of oxiranes into cyclic organic carbonates under metal-

free conditions.

3.2 Resorcin[4]arenes as organocatalysts

Inspired by previous research using polyphenols as organocatalysts for CO2
conversion into cyclic carbonates,%2 and observing that pyrogallol (Scheme 3.4
upper left: 12, polyphenol unit with three hydroxy groups) mediates the formation
of the organic cyclic carbonates in higher yields than catechol (1,2-
dihydroxybenzene; 11) or phenol (13), the design of supramolecular cavitand
structures incorporating polyphenol units was considered. This cavitand “design”

was taken into account to develop thermally more robust metal-free catalysts
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while maintaining high reactivity and privileged substrate scope.”?73 The original
resorcin[4]arenes scaffolds were developed by Hoegberg’4 and have been fully
explored by Cram giving rise to pre-organized supramolecular structures’> that
often form hexameric capsules in solution and in the solid state through inter-
molecular water-assisted hydrogen bonding interactions (see Figure 3.1).76-78

The structure of the bowl-shaped monomeric cavitand molecules is also
controlled through the intramolecular HBs between adjacent resorcinol /pyrogallol
units typically expressed in solvent media such as alcohols and acetonitrile.”>
These latter, intramolecular HB patterns suggest a similar potential for catalytic
activation of epoxides compared to pyrogallol/tannic acid with stabilization of key
intermediate transition states through multiple HB interactions being more
efficient than in the absence of such HB donors.”? It will be demonstrated that
cavitand based polyphenols units are excellent HB activators in the formation of
cyclic carbonates from epoxides and CO; with unprecedented turnover numbers

and frequencies (cf., Table 3.1).

Intra-molecular HB interactions Inter-molecular HB interactions

Figure 3.1: Intra- and inter-molecular hydrogen-bonding networks in cavitand based structures.

The inter-molecular hydrogen bonding interactions which lead to the
formation of the hexameric capsules can compete with the activation of the
oxiranes, and thus inhibit the CO; conversion process. By modifying the upper and
the lower rim of the resorcin[4]arene scaffold the catalytic activity can be
(potentially) fine-tuned minimizing undesired self-assembly process. The
resorcin[4]arene systems can be easily prepared by combination of an aldehyde

with a polyphenol unit under acidic conditions (Scheme 3.5).7475
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Combining the easy access of these modular and cheap polyphenolic
structures with their catalytic potential, these cavitands represent a new and
powerful type of organocatalyst for the conversion of CO: into value added

chemicals as will be detailed in this chapter.

X
HO OH O HCI
S G
EtOH, 75 °C
11: X=H R: Me, Et, Bu,
12: X=0OH nonyl, Ph
14: X=H; R=Me 19: X=0H; R=Me
15: X=H; R=Et 20: X=0OH; R=Et
16: X=H; R=Bu 21: X=0H; R=Bu
17: X=H; R=nonyl 22: X = OH; R = nonyl
18: X=H; R=Ph

Scheme 3.5: Classical synthesis of resorcin[4]arene scaffolds by acid catalysis.

Initially the resorcin[4]arene 15 (Scheme 3.5) was synthesized and tested
under relative mild catalytic conditions, and the results compared with the basic
monomer units resorcinol (11) and pyrogallol (12). 1,2-Epoxyhexane was selected
as model substrate using further 1.5 mol% of catalyst 15, 5.0 mol% of the
corresponding halide salt, and relative mild reaction conditions (459C, 10 bar, MEK
= methylethyl ketone as solvent; Table 3.1). In order to facilitate comparison of
the catalytic results, the catalyst loading was adjusted with respect to the amount
of phenolic groups. The yields were calculated using mesitylene as internal
standard and the selectivity in all the cases was >99% for the formation of the
cyclic carbonate.

The initial experiments using resorcin[4]arene 15/NBusl as a binary
catalyst showed at 452C a NMR yield of 81% (entry 1). Raising the temperature to
509C increased this yield to 91% (entry 2). Dilution of the reaction mixture by
increasing the amount of solvent (entry 3) gave poorer kinetics leading to lower

yields of the desired cyclic carbonate. Different nucleophiles were then tested (],
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Br, Cl) and the iodide based salt gave the best result as was expected, as iodide is a

better leaving group than the others halides (entries 4 and 5).

Table 3.1: Screening of the catalytic conditions using polyphenol/TBAX (X = CI, Br, I) binary
catalytic systems in the coupling of CO; with 1,2-epoxyhexane in MEK. Yields were determined by

1H NMR using mesitylene as internal standard.

Catalyst (0]
NBu,X
= o)Lo
nBu/A MEK, CO, }J

(10 bar) nBu

Entry Catalyst mol % NBu4X (mol%) T (2C) MEK (mL) % Yield

1 15 1.5 I,5.0 45 2.5 81
2 15 1.5 [,5.0 50 2.5 91
3 15 1.5 I,5.0 50 5.0 65
4 15 1.5 Cl, 5.0 50 2.5 31
5 15 1.5 Br, 5.0 50 2.5 65
6 - 0 [,5.0 50 2.5 4
7 15 1.5 - 50 2.5 0
8 11 6.0 I,5.0 50 2.5 47
9 11 6.0 I,5.0 50 5.0 24
10 12 4.0 [,5.0 50 2.5 99

The background reaction performed in the absence of polyphenol catalyst
(entry 6) leads to the formation of the cyclic carbonate in only 4% yield,
confirming that the cavitand scaffolds present a significant improvement in the
activation of oxiranes under the conditions tested. On the other hand, in the
absence of any nucleophile in the media (entry 7), no conversion of the epoxide
substrate was noted showing the imperative role of both catalyst components in
this coupling reaction. Comparison of the efficiency of resorcin[4]arene 15 (entry
2) with that of the parent building unit resorcinol 11 (entry 7) showed a much
higher yield of carbonate for the cavitand based system despite the use of a similar
concentration of phenol groups. This effect was maintained under more dilute
conditions (cf.,, entries 3 and 9). The remarkable yield of the cyclic carbonate in the

presence of resorcin[4]arene 15 suggests a cooperative effect between the 1,3-
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diphenol sites in the catalytic activation of the epoxide and/or more efficient
stabilization of the intermediates of the carbonate formation reaction.

The use of the cavitand scaffold 15 as organocatalyst presents comparable
(though slightly lower) activity compared with pyrogallol 12, which is the most
powerful organocatalyst for CO: fixation reported in literature under these
conditions (entry 10).62 Changing the lower and upper rim cavitand
functionalization, this catalytic activity could be markedly improved. For this
purpose, a series of different resorcin[4]arenes and pyrogallol[4]arenes were
synthetized and tested under the same conditions reaction (Scheme 3.5 and Table
3.2). The yields were calculated using mesitylene as internal standard and the

selectivity in all the cases was >99% for the formation of the cyclic carbonate.

Table 3.2: Screening of various cavitands scaffolds using polyphenol/TBAI binary catalytic system
in the coupling of CO; with 1,2-epoxyhexane. Reaction conditions: 1,2-epoxyhexane (1.0 mmol),

p(CO2)2 =10 bars, 18 h, MEK (2.5 mL).

Catalyst (o)
NBuyl
= R o)ko
nBu MEK, CO, Ja—
nBu
Entry Catalyst mol % NBu4l (mol%) T (2C) R % Yield
1 14 1.5 5.0 50 Methyl 93
2 15 1.5 5.0 50 Ethyl 91
3 16 1.5 5.0 50 Butyl 94
4 17 1.5 5.0 50 Nonyl 98
5 18 1.5 5.0 50 Phenyl 27
6 19 1.0 5.0 50 Methyl 78
7 20 1.0 5.0 50 Ethyl 84
8 21 1.0 5.0 50 Butyl 87
9 22 1.0 5.0 50 Nonyl 93

The results presented in Table 3.2 show two different intrinsic features of
these catalytic studies: (1) the role of the pendant R groups in the cavitand
scaffolds on the overall activity, and (2) the competitive effect of the intra-
molecular hydrogen bonding network in the cavitand scaffold on the overall

catalyst performance. Within the series of resorcin[4]arenes 14—18 where the R
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group was increased from methyl to nonyl (entries 1-5), the highest yield was
achieved with 17 (R = nonyl), a trend that was also observed within the series of
pyrogallol[4]arenes 19-22 (entries 6-9). The cavitand equipped with phenyl
substituents (18) showed poor catalytic activity due to a poorer solubility in the
solvent (MEK) in the reaction medium thereby affecting catalytic turnover. Larger
R groups are known to influence the preorganization of these cavitand scaffolds
due to steric effects, being thus beneficial for the formation of preorganized
cavities. These effects are in particularly well-studied for related calix[4]arenes
examples, and most recently in the work from Dufaud et al.®® where it was
reported that extended cavitands can engage with tetraalkyl ammonium halides.
The best-performing nonyl-substituted polyphenols 17 and 22 were then
more closely examined and compared with the parent resorcinol 11 and pyrogallol
12 and for each binary system (upon combining with NBuyl) the kinetic profiles

were determined in order to examine their relative catalytic activities (Figure
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Figure 3.2: Kinetic profiles of pyrogallol 12 (red), resorcin[4]arene 17 (green), pyrogallol[4]arene
22 (blue) and resorcinol 11 (gold) at 50 ©C.

Interestingly, the resorcin[4]arene 17 presents much higher catalytic
activity during the entire time span in comparison with its parent resorcinol unit
11. After 18 h (99% vs 46% yield) this rather huge difference in catalytic activity
between these two polyphenol based molecules is a consequence of the

cooperativity effect between the phenol groups present in the different panels of
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the resorcin[4]arene 17 (Figure 3.3), and such a level of preorganization is not

possible with the parent resorcinol 11.

,O/S m cooperative effect
’ = higher phenol acidity

Figure 3.3: Cooperative effect between the polyphenol units present in the resorcin[4]arene.

The kinetic profile of the pyrogallol[4]arene 22 (blue line, Figure 3.2)
shows inferior catalytic performance with respect to resorcin[4]arene 17. The
reason for this behavior is likely the competing self-assembly of the individual
cavitand molecules of 22 into larger aggregates (i.e. hexamers as in Figure 3.1).
Cohen et al. compared the stability of undecyl-substituted resorcin[4]arenes and
pyrogallol[4]arenes by simple titration of these aggregates with polar solvents like
methanol or DMSO0.80 These studies involving cavitand molecules demonstrated
that upon increasing the polarity of the medium by adding CD30D to a solution of
the cavitand in CDCl3, the hexameric aggregated state was fully disrupted for both
types of cavitand. However, essentially much lower amounts of CD30D were
required in the case of the resorcin[4]arene in line with a stronger self-assembly
behaviour of the pyrogallol[4]arene. Therefore, under the reaction conditions
reported in Table 3.2 and Figure 3.2, the poorer performance of
pyrogallol[4]arene scaffolds 19-22 compared to the resorcin[4]arene series
14-17 is thus explained in terms of a stronger competing self-assembly. This
behaviour competes with hydrogen bonding between the epoxide and the phenolic
groups, and thus slows down the reaction. In order to further support the view

that competitive HB interactions can slow down the catalytic reaction, the
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octahydroxypyridine[4]arene cavitand 23 (Scheme 3.6) was prepared8! and

tested under the optimized conditions.

R: nonyl

Scheme 3.6: Octahydroxypyridine[4]arene 23 based on 2,6-dihydroxypyridine units.

The 2,6-dihydroxypyridine subunits in 23 are known to induce
intramolecular N---HO hydrogen bonds, and the significant lower yield after 18 h
(1.5 mol%, 60%) than observed for resorcin[4]arene 17 (1.5 mol%, 98%) is a clear
testament of competitive H-bonding. Thus, the best catalytic performance among
the cavitand structures at 50 2C is noted for 17. Comparing all the polyphenol
catalyst tested in the Figure 3.2, the best kinetic profile at 50 2C was obtained with
pyrogallol 12, due to a strong intramolecular hydrogen-bonding interaction
between the three hydroxy groups.62

In order to investigate the temperature effect on the catalytic performance
of the polyphenol systems, the coupling of 1,2-epoxyhexane and CO; was carried
out at 80 2C using resorcin[4]arene 17, pyrogallol[4]arene 22 and pyrogallol 12 as
organocatalysts (Table 3.3). Under these conditions the nucleophilic additive
NBu4l alone produces poor catalysis (entry 1, 17% yield). Various combinations of
cavitand/nucleophile were probed (entries 2—5) while maintaining a similar ratio
between both catalyst components (ratio NBu4l/[OH] groups ~ 3.3). For the
resorcin[4]arene 17 based catalyst, the conditions reported in entry 3 revealed
quantitative yield of the cyclic carbonate, whereas further lowering the amount of
catalyst to 0.25 mol% 17/ 0.8 mol% NBu4l showed a modest decrease in yield to
80% (entry 4). For comparison, upon using a similar amount of catalyst derived
from pyrogallol[4]arene 22 (cf, entries 3 and 5), a very high though not

quantitative yield was noted. Remarkably, under these latter conditions, the
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pyrogallol 12 based catalyst produced a markedly lower yield (77%; cf. entries 3
and 7) showing thus a superior performance of the resorcin[4]- and

pyrogallol[4]arene based catalysts at 80 2C.

Table 3.3: Screening of the conditions using polyphenol/TBAI binary catalytic systems in the
coupling of CO2 and 1,2-epoxyhexane. Reaction conditions: 1,2-epoxyhexane 1.0 mmol, p(C02)¢ =10

bar, 18 h, MEK (2.5 mL).

Catalyst (o)
NBuyl
= o)ko
nBu MEK, CO, —
nBu

Entry Catalyst mol% NBu4l (mol%) T (2C) % Yield

1 - 0 1.6 80 17
2 17 0.75 2.5 80 99
3 17 0.50 1.6 80 99
4 17 0.25 0.8 80 80
5 22 0.33 1.6 80 93
6 12 2.00 3.2 80 99
7 12 1.30 1.6 80 77
8 12 0.66 0.8 80 55

To investigate these observations in more detail, the full kinetic profiles for
each of the catalyst systems reported in entries 3, 5 and 7 (Table 3.3) were
determined (Figure 3.4). The pyrogallol catalyst system reaches a plateau
conversion of around 70% after 6 h which hereafter barely increases. This is in line
with the previous results reported for either pyrogallol 12 or tannic acid (Scheme
3.4) as catalysts components; both systems show inferior stability at this elevated
temperature causing side-reactions that involve the deprotonation of the
polyphenolic unit and replacement thereof by NBuy, inhibiting the CO> fixation.61-62

The formation of these phenolate groups causes a decrease in the ability to
form extended HB networks as to stabilize catalytic intermediates, which results in
higher kinetic barriers and thus slower reactions. Consequently, both the
nucleophile and polyphenol concentration is negatively affected and the catalysis

is shut down in the case of pyrogallol 12.
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Figure 3.4: Kinetic profiles determined for pyrogallol 12 (red), resorcin[4]arene 17 (green), and

pyrogallol[4]arene 22 (blue) at 80 °C.

On the contrary, both cavitand based catalysts 17 and 22 retain catalytic
activity after prolonged use and therefore are more effective systems for cyclic
carbonate preparation under elevated temperature conditions with 17 performing
slightly better than 22 in the reported time span. Importantly, comparing the pKa,
values of resorcinol 11 (9.20)82 and pyrogallol 12 (9.01)83-8% shows that the
pyrogallol unit is more acidic and likely to undergo de-protonation more facilely.
This is causing a shorter lifetime of the catalyst whereas the resorcin[4]arene
based system 17 shows comparatively a longer lifetime. This results in better
potential for obtaining higher turnover numbers at elevated reaction
temperatures. Interestingly, the preorganization of less active resorcinol units in
the cavitand significantly increases their catalytic potential as compared with the
pyrogallol based one underlining the importance of the catalyst structure for
effective turnover.

The influence of the time frame on the performance (turnover
numbers/frequencies) of the polyphenol to act as an efficient HB donor in the
activation of epoxides was carried out with resorcin[4]arene 17 and pyrogallol 12
in the synthesis of the butyl-substituted carbonate from 1,2-epoxyhexane and CO>
(Table 3.4).
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Table 3.4: Stability studies using polyphenol/TBAI binary catalytic system in the coupling of CO;
and 1,2-epoxyhexane. Reaction conditions: 1,2-epoxyhexane 10 mmol, p(C0O2)? = 10 bar, 80 2C, neat
conditions. The amount of polyphenol catalyst used was normalized with respect to the amount of

phenol groups. TON = total turnover number, TOF is turnover number per time unit expressed in

turnover/h.
Catalyst (0]
NBuyl
AN o/mo
nBu MEK, CO,
nBu

Entry Catalyst mol % mol% OHunits t(h) %Yield TON TOF

1 - - - 1 7 - -

2 - - - 18 32 - =

3 17 0.010 0.080 1 46 575 575
4 17 0.010 0.080 18 74 925 51
5 17 0.010 0.080 30 98 1225 41
6 12 0.026 0.080 18 60 750 42
7 12 1.30 0.080 30 66 825 28

Solventless (neat) conditions were employed to favor the kinetics and the
use of nucleophile alone again showed considerably lower yield (entries 1 and 2; 7
and 32%, respectively) compared with the use of both 17 and NBu4l combined
(entries 2 and 4; 46 and 74%, respectively). Under these conditions, the TON based
on the total of phenol active sites amounted to beyond 1200. Higher turnover
numbers were simply achieved by prolonging the reaction (entries 5) showing
virtually full conversion after 30 h. The pyrogallol based catalyst (entries 6 and 7)
showed lower efficiencies with only a modest increase in the TON after 18 h
further confirming the favorable stability features of the cavitand structure 17 at
elevated temperatures. Thus the combination of the cooperative action of the
resorcinol units in 17 with a higher chemical stability compared to pyrogallol 12
makes this system among the most efficient organocatalyst reported to date with

very high TON and TOF values.
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3.3 Cyclic carbonate scope under cavitand /NBu4X catalysis

Motivated by the results obtained with 1,2-epoxyhexane as substrate and
with the optimized conditions in hand (1.5 mol% of 17 in combination with 5.0
mol% of NBusl in MEK) a wide scope of terminal epoxide substrates were
examined in the formation of the cyclic carbonates 24—36. The temperature and
pressure conditions are comparatively very mild considering the use of an
organocatalyst system and the presence of solvent was in some cases warranted to
prevent solidification of the reaction mixture and incomplete conversion of the
substrate. At 50 2C and 1.0 MPa (10 bar) of pressure, all terminal epoxides were
smoothly converted into their carbonates 24-36 in high conversion (>99%) and
isolated yields (92-99%), most of could be simply isolated after filtration through
silica path (Scheme 3.7).

cavitand 17 (1.5 mol %) 0]
o NBuy4! (5 mol %) U
> (o] (0]
R” MEK (2,5 mL), —
50°C, CO, (1.0 MPa) R
(1 mmol) 24-36
)8 )8 )8 - )8
o o o o o)
o o] o o] o
\/K,,Bu \)\/0\& A

24: Conv.>99% 25: Conv.>99% 26: Conv.>99% 27: Conv.>99% 28: Conv.>99%
Yield: 94% Yield: 93% Yield: 97% Yield: 98% Yield: 92%

(0] o (0] (0] lo)

W Yo Y=o Y=o

O%/ok, Br O\)o\/OMe O A oy & O CoHas
F

29: Conv.>99% 30: Conv.>99%  31: Conv.>99% 32: Conv.>99% 33: Conv.>99%
Yield: 99% Yield: 83% Yield: 93% Yield: 81% Yield: 96%

o O o
»\0 o o Me O\/OK/ \/@ 0]
o o
\/kMe Me
34: Conv.>99% 35: Conv.>99% 36: Conv.>99% 37: Conv. 10%
Yield: 88% Yield: 94% Yield: 95% Yield: 6%

Scheme 3.7: Substrate scope in the conversion of epoxides into the desired cyclic carbonates 24-

37.
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The reaction proceeded with excellent results tolerating -electron-
withdrawing (25, 27 and 29) or donating groups (24, 26, 30, 31, 33, 34, 35 and
36) as substituents in the a-position of the epoxide. Also different aryl-based
epoxides were conveniently converted without losing catalytic activity or
selectivity (25, 28 and 32). The limitation of this methodology using cavitand
scaffolds as organocatalysts was found when internal oxiranes, like cyclohexene
oxide, were probed under these mild temperature conditions (509C) in the
synthesis of organic cyclic carbonate 37. Under these conditions, cyclic carbonate
37 was only produced to a minor extent (6% yield). This expected result is in line
the previous reports present in the literature,®%-62 that indicate that internal
epoxide conversion generally requires metal catalysts (c¢f., Scheme 3.1) and
elevanted temperatures.3442:48,85

In the area of organocatalytic formation of cyclic carbonates such reactivity
is more unusual even under harsh conditions (>1002C) due to a weak stability of
these high temperatures and weaker substrate activation potential.55-¢3 Based on
the stability studies of cavitand scaffolds obtained with the kinetic profiles at 802C
(Figure 3.4), we set out to use the cavitand based organocatalysts at 80°C to
examine the more challenging internal epoxides as reaction partners. To date
limited progress has been achieved using such epoxide substrates in
organocatalytic approaches. One promising example was recently reported by
Tassaing et al.?8 using a fluorinated alcohol as HB donor and achieved at 100 2C
and 2 MPa a conversion of 73% of cyclohexene oxide (CHO) after 5 h. Werner et al.
reported on the use of bifunctional phosphonium salts that were effective for
internal epoxide conversion at temperatures in the range 90-1202C and 1 MPa.6>
For CHO specifically, the best results in terms of yield were obtained at 120 2C and
4 MPa (40 bar) producing the carbonate in 69% yield after 6 h.

We were pleased to find that upon increasing the temperature to 802C and
using 3 mol% of cavitand 17 the conversion of CHO could be significantly
increased to 89% (isolated yield of 37: 85%) using neat conditions. As a control
experiment, the reaction in the absence of 17 was also carried out and gave only
8% yield (duplo experiment) showing the importance of the cavitand 17 to achieve
a high yield under experimentally similar conditions. Other internal epoxides were

then also subjected to these latter conditions including cyclic and acyclic
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substrates (cf., synthesis of 38—42, Scheme 3.8). Whereas the 3,4-epoxyfuran was
converted into 42 in high conversion (84%) and yield (79%), the corresponding
cyclopentene oxide gave a much lower yield (39: 38%). Acyclic epoxides could also
be converted into their respective carbonates 38 and 41 showing the more general
potential of 17/NBu4l as a binary organocatalyst in the conversion of more
challenging internal epoxides. All epoxides were converted with full retention of
configuration (cis >99% for 37, 39 and 42, and trans >99% for 41) except for 38
(cis/trans = 85:15). Such loss of stereo-chemical information with this substrate in
the formation of its carbonate product in the presence of CO; has been observed
before, 2686 and may be related to a (partial) Sx1 character of the nucleophilic
attack of the linear carbonate intermediate onto the C—Br bond initially formed in

the ring-opening of the epoxide by NBusBr as illustrated in Scheme 3.3.

(o]
cavitand 17 (3.0 mol %) )]\
o] NBu,Br (5.0 mol %) 0" o
R R g
1 2 Neat, 80°C, R} R,
CO, (1.0 MPa)
(1 mmol) 37-42

O>\'~o O>\‘*O O»\o
o o %Me o) b

Me
37: Conv. 89% 38: Conv. 88% 39: Conv. 44%
Yield: 85% Yield: 76% Yield: 38%
cis >99% cis/trans = 85:15

(0}

o Yo J

(0] (o] (0]
‘Me
Ph o

40: Conv.>99% 41: Conv. 98% 42: Conv. 84%
Yield: 97% Yield: 92% Yield: 79%
trans >99%

Scheme 3.8: Substrate scope in the conversion of internal epoxides into the targeted cyclic

carbonates 37-42.
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3.4 Conclusions and outlook

The use of easily accessible and modular cavitand structures such as
resorcin[4]arenes and pyrogallol[4]arenes in combination with suitable
ammonium halide salts constitute interesting hydrogen-bond donor binary
catalysts for the conversion of CO2 and oxiranes into cyclic organic carbonates. The
preorganization of the phenolic units within the resorcin[4]arenes was beneficial
for the catalytic efficiency in organic carbonate formation from epoxides and CO>
and resulted in cooperative effects (for 17) that led to significantly higher
conversion rates compared to resorcinol 11. Upon increasing the reaction
temperature from 50 to 80 2°C, the overall reactivity was improved and the
cavitand structures showed a higher chemical stability than pyrogallol 12, which
makes the former systems more suitable to achieve very high turnover numbers.

By modulating the upper and lower rims of the cavitand scaffolds, it was
possible to minimize undesired/competitive self-assembly of the cavitand
polyphenol and maximize the catalytic activity. This improved and unparalleled
reactivity was shown to be beneficial in the formation of 19 different carbonates
under relative mild reaction conditions (50-80 °C, 1 MPa; 10 bar). Moreover, 6
disubstituted internal epoxides were also screened as reaction partners and were
converted efficiently under neat conditions at 80 2C to provide good to excellent
isolated yields (38-97%). Compared with the state-of-the-art in organocatalytic
CO2/epoxide coupling chemistry, the cavitand-based binary organocatalysts are
sustainable, versatile, and highly reactive alternatives to metal-based systems in

the catalytic coupling of epoxides and CO;.

3.5 Experimental section

MEK (Aldrich ACS reagent >99%) and CO: (purchased from PRAXAIR) were
used as received without further purification or drying. All polyphenolic chemicals
were commercially available from Aldrich and were used as received. 1H and
13C{1H} NMR spectra were recorded by using a Bruker Avance 500 NMR

spectrometer at 297 K. Chemical shifts are reported in ppm relative to the residual
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solvent peaks in CDCI3 (0=7.26 ppm), [D¢]Acetone (6=2.05 ppm) and [Ds]DMSO
(0=2.50 ppm). MS studies were performed at the High Resolution Mass

Spectrometry Unit at the ICIQ in Tarragona, Spain.

General procedure for the synthesis of the cavitand scaffolds:

All the resorcin[4]arenes and pyrogallol[4]arenes were synthesized
following the classical condensation of aldehydes in the presence of a Brgndsted
acid.”’#+7581 Typically, a solution of one equivalent of resorcinol/pyrogallol (6
mmol) in a solution of ethanol (95%, 75 mL) and concentrated HCI (25 mL) was
cooled to 0 2C. Then the aldehyde reagent (6 mmol, 1 equiv.) dissolved in ethanol
(95% 50 mL) was added dropwise to the reaction mixture. The resulting solution
was stirred at 75 2C for 18-72 h and the reaction time depended on the aldehyde
substrate used. Upon cooling to ambient temperature, the separated precipitate
was washed repeatedly with cold water and methanol, and the compounds then

dried in vacuo.

Resorcin[4]arene 14: White solid. Yield: 54%, 1H NMR (500 MHz, Acetone-d¢): § =
1.76 (d, ] = 7.3 Hz, 12H), 4.52 (q, ] = 7.3 Hz, 4H), 6.21 (s, 4H), 7.64 (s, 4H), 8.48 (s,
8H). 13C NMR (125 MHz, Acetone-ds): 6 = 20.3, 28.7, 103.5, 125.2, 126.1, 152.2. MS
(ESI-, MeOH): calcd for C32H3108 [M—H] : 543.2; found: 543.2.

Resorcin[4]arene 15: Yellow solid. Yield: 23%, 1H NMR (500 MHz, Acetone-ds): §
= 0.90 (t, / = 7.2 Hz, 12H), 2.19-2.38 (m, 8H), 4.18 (t, ] = 7.9 Hz, 4H), 6.24 (s, 4H),
7.54 (s, 4H), 8.51 (s, 8H). 13C NMR (125 MHz, Acetone-ds): 6 = 13.1, 27.2, 36.6,
103.7, 125.1, 125.4, 152.8. MS (ESI-, MeOH): calcd for C3sH390g [M—H]: 599.3;
found: 599.3.

Resorcin[4]arene 16: Red solid. Yield: 84%, 'H NMR (500 MHz, Acetone-de): 6 =
0.89 (t,/ = 7.2 Hz, 12H), 1.20-1.49 (m, 16H), 2.21-2.38 (m, 8H), 4.25-4.31 (m, 4H),
6.23 (s, 4H), 7.57 (s, 4H), 8.44 (s, 8H). 13C NMR (125 MHz, Acetone-ds): 6 = 14.6,
23.4, 31.3, 34.0, 34.3, 103.7, 125.3, 125.5, 152.7. MS (ESI-, MeOH): calcd for
C44Hs508 [M—H] : 711.4; found: 711.4.
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Resorcin[4]arene 17: Yellow solid. Yield: 85%, H NMR (500 MHz, Acetone-de): &
= 0.85-0.91 (m, 12H), 1.20-1.40 (m, 56H), 2.30 (q, / = 7.6 Hz, 8H) 4.31 (t, /] = 7.9 Hz,
4H), 6.24 (s, 4H), 7.55 (s, 4H). 13C NMR (125 MHz, Acetone-de): 6 = 14.4, 23.4, 29.1,
29.9, 30.1, 30.3, 30.5, 30.6, 32.7, 34.3, 34.4, 103.7, 125.2, 125.4, 152.7. MS (ESI-,
MeOH): calcd for Ce4Ho508 [M—H] : 991.7; found: 991.7.

Resorcin[4]arene 18: Brown solid. Yield: 97%, 1H NMR (500 MHz, DMSO-d¢): & =
5.63 (s, 4H), 6.13 (s, 4H), 6.74 (d, ] = 6.9 Hz, 8H), 6.96 (d, ] = 6.9 Hz, 12H), 8.55 (s,
8H). 13C NMR (125 MHz, DMSO-de): 6 = 41.4, 102.0, 120.4, 124.5, 127.1, 128.6,
145.7,152.6. MS (MALDI-, dctb): calcd for Cs2H3908 [M—H] : 791.3; found: 791.3.

Pyrogallol[4]arene 19: Purple solid. Yield: 52%, 1H NMR (500 MHz, Acetone-ds):
6 =174 (d,J =7.3 Hz, 12H), 4.52 (q, /] = 7.3 Hz, 4H), 6.21 (s, 4H), 7.63 (s, 4H), 8.51
(s, 8H). 13C NMR (125 MHz, Acetone-ds): 6 = 20.3, 28.7, 103.6, 125.2, 126.1, 152.3.
MS (ESI-, MeOH): calcd for C32H31012 [M—H] : 607.2; found: 607.2.

Pyrogallol[4]arene 20: Purple solid. Yield: 11%, 1H NMR (500 MHz, Acetone-ds):
6 =091 (t, ] = 7.3 Hz, 12H), 2.20-2.44 (m, 8H), 4.23 (t, ] = 8.0 Hz, 4H), 7.11 (s, 4H).
13C NMR (125 MHz, Acetone-ds): 6 = 13.1, 26.8, 37.2, 114.4, 125.6, 133.5, 140.7. MS
(MALDI+, dctb): calcd for C36H40012 [M—H] : 664.2520; found: 664.2523.

Pyrogallol[4]arene 21: Purple solid. Yield: 18%, 'H NMR (500 MHz, Acetone-ds):
§ = 0.85-0.93 (m, 12H), 1.21-1.46 (m, 16H), 2.29 (q, J = 7.8 Hz, 8H), 4.35 (q, ] = 7.9
Hz, 4H), 7.13 (s, 4H), 7.20 (s, 4H), 8.12 (s, 8H). 13C NMR (125 MHz, Acetone-ds): & =
13.7, 22.5, 30.4, 32.7, 34.1, 113.5, 124.9, 132.8, 139.2. MS (ESI-, MeOH): calcd for
Ca4Hs5012 [M=H]: 775.4; found: 775.4.

Pyrogallol[4]arene 22: Brown solid. Yield: 70%, H NMR (500 MHz, Acetone-ds):
6 = 0.85-0.91 (m, 12H), 1.22-1.36 (m, 56H), 2.28 (q, / = 7.6 Hz, 8H), 435 (t, /= 7.9
Hz, 4H), 7.11 (s, 4H), 7.19 (s, 4H), 8.10 (s, 8H). 13C NMR (125 MHz, Acetone-ds): 6 =
14.4, 23.4, 30.1, 30.3, 30.4, 30.5, 30.6, 32.7, 34.0, 35.0, 114.4, 125.7, 140.1. MS
(ESI-, MeOH): calcd for C64Ho5012 [M—H]: 1055.7; found: 1155.7.
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Octahydroxy-pyridine[4]arene 23: White solid. Yield: 46%, 'H NMR (500 MHz,
CDCl3): & = 0.88 (t, ] = 6.8 Hz, 12H), 1.23-1.36 (m, 56H), 1.95-2.07 (m, 8H), 4.15 (t, ]
= 8.0 Hz, 4H), 7.09 (s, 4H), 11.17 (s, 4H), 12.8 (s, 4H). 13C NMR (125 MHz, CDCl3): &
=14.3,22.9, 29.5, 29.7, 29.8, 29.9, 32.1, 139.1, 148.6, 158.6. MS (ESI-, MeOH): calcd
for CeoHo108N4 [M—H] : 995.6837; found: 995.6818.

General catalytic procedure in the synthesis of the cyclic carbonates:

A typical procedure for the synthesis of the cyclic carbonates from terminal
epoxides and CO:; was carried out in a 30 mL steel autoclave using 1,2-
epoxyhexane (1 mmol, 1 equiv.), cavitand catalyst 17 (1.0-1.5mol %), NBual (5 mol
%) and MEK (2.5 mL). The autoclave was then subjected to three cycles of
pressurization and depressurization with CO». Finally, the autoclave was charged
with 1 MPa (10 bar) of CO2, heated to 502C and the content stirred for 18 h.
Hereafter, the autoclave was cooled to rt and carefully depressurized. The volatiles
were removed under reduced pressure and the product was purified by flash
column chromatography (1:1 hexane/ethyl acetate as eluent) to afford the pure

cyclic carbonate.

Carbonate 24: Colorless oil. Yield: 94%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): & = 0.92 (t, ] = 7.0 Hz, 3H), 1.24-1.50 (m, 4H), 1.64-1.88 (m, 2H), 4.06 (t, ] =
7.2; 8.4 Hz, 1H), 4.52 (dd, J = 7.8; 8.4 Hz, 1H), 4.67-4.72 (m, 1H). 13C NMR (125
MHz, CDClz): 6 = 13.9, 22.4, 26.6, 33.7, 69.5, 155.2. IR: 1785 cm-1 (C=0).

Carbonate 25: Colorless oil. Yield: 93%, Selectivity: >99%. 1H NMR (500 MHz,
CDCI3): 6 = 4.35 (dd, J = 7.8; 8.7 Hz, 1H), 4.80 (t, / = 8.4 Hz, 1H), 5.68 (t, /] = 8.0 Hz,
1H), 7.33-7.49 (m, 5H). 13C NMR (125 MHz, CDCI3): 6§ = 71.3, 78.1, 126.0, 129.4,
129.9,135.9, 155.2. IR: 1783 cm! (C=0).

Carbonate 26: Colorless oil. Yield: 97%, Selectivity: >99%. 1H NMR (500 MHz,

CDCl3): 6 = 3.62 (dd, J = 3.8; 11.0 Hz, 1H), 3.69 (dd, ] = 4.1; 11.0 Hz, 1H), 3.91-4.15
(m, 2H), 4.40 (dd, ] = 6.1; 8.3 Hz, 1H), 4.50 (t, ] = 8.3 Hz, 1H), 4.82 (dd, ] = 3.8; 8.1
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Hz, 1H), 5.06-5.30 (m, 2H), 5.78-5.84 (m, 1H). 13C NMR (125 MHz, CDCl3): & = 66.4,
69.0,72.8, 75.1, 118.1, 133.8, 155.0. IR: 1784 cm! (C=0).

Carbonate 27: Colorless oil. Yield: 98%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): 6 = 3.66-3.88 (m, 2H), 3.41 (dd, ] = 5.7; 8.9 Hz, 1H), 4.59 (dd, ] = 8.2; 8.9 Hz,
1H), 4.93-4.97 (m, 1H). 13C NMR (125 MHz, CDCl3): § = 43.6, 67.1, 74.3, 154.2. IR:
1778 cm-1 (C=0).

Carbonate 28: White solid. Yield: 92%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): 6 =4.40 (dd, J=7.9; 8.7 Hz, 1H), 4.83 (dd, ] = 8.2; 8.7 Hz, 1H), 5.73 (t, ] = 8.0
Hz, 1H), 7.33-7.41 (m, 1H), 7.42-7.53 (m, 4H), 7.55-7.61 (m, 2H), 7.65-7.77 (m, 2H).
13C NMR (125 MHz, CDClz): 6 = 71.3, 78.0, 126.5, 127.3, 128.0, 128.1, 129.1, 134.7,
140.2, 143.0, 154.9.1R: 1770 cm-! (C=0).

Carbonate 29: Colorless oil. Yield: 99%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): 6 = 3.51-3.66 (m, 2H), 4.31-4.38 (m, 1H), 4.52-4.65 (m, 2H), 4.91-4.98 (m,
1H). 13C NMR (125 MHz, CDCI3): 6 = 31.1, 68.3, 74.1, 154.1. IR: 1788 cm-! (C=0).

Carbonate 30: Colorless oil. Yield: 83%, Selectivity: >99%. 1H NMR (500 MHz,
CDCls): 8 = 3.43 (s, 3H), 3.52-3.60 (m, 2H), 4.37 (dd, J = 6.1; 8.4 Hz, 1H), 4.49 (t, ] =
8.4 Hz, 1H), 4.74-4.81 (m, 1H). 13C NMR (125 MHz, CDCl3): 6 = 59.8, 66.3, 71.6, 75.1,
155.0.1R: 1782 cm! (C=0).

Carbonate 31: Colorless oil. Yield: 93%, Selectivity: >99%. 1H NMR (500 MHz,
CDCI3): 6 = 1.19 (s, 9H), 3.50-3.55 (m, 1H), 3.58-3.63 (m, 1H), 4.38 (dd, ] = 5.8; 8.3
Hz, 1H), 4.47 (t, ] = 8.3 Hz, 1H), 4.70-4.82 (m, 1H). 13C NMR (125 MHz, CDCl3): & =
27.4,61.4,66.7,74.1,75.3,155.3. IR: 1787 cm-1 (C=0).

Carbonate 32: White solid. Yield: 81%, Selectivity: >99%. 1TH NMR (500 MHz,
CDCl3): § = 4.32 (dd, J = 7.8; 8.7 Hz, 1H), 4.79 (dd, ] = 8.1; 8.7 Hz, 1H), 5.66 (t, ] = 8.1
Hz, 1H), 7.14 (d, ] = 8.6 Hz, 2H), 7.36 (dd, ] = 5.1; 8.6 Hz, 2H). 1F NMR (500 MHz,
CDCl3): 6 = —111.0. 13C NMR (125 MHz, CDCl3): 6 = 71.2, 116.5 (d, J = 22.0 Hz),
128.1 (d,/=8.6 Hz), 131.7 (d, ] = 3.3 Hz), 154.7, 162.6, 164.5. IR: 1775 cm! (C=0).
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Carbonate 33: Colorless oil. Yield: 96%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): 6 = 0.84-0.90 (m, 3H), 1.20-150 (m, 16H), 1.63-1.85 (m, 2H), 4.03-4.10 (m,
1H), 4.52 (t, ] = 8.0 Hz, 1H), 4.67-4.74 (m, 1H). 13C NMR (125 MHz, CDCl3): & = 14.2,
22.8,24.5,29.3,29.4, 29.5, 29.6, 29.7, 32.0, 34.0, 69.5, 155.2. IR: 1783 cm-1 (C=0).

Carbonate 34: Colorless oil. Yield: 88%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): 6 = 1.48 (d, ] = 6.3 Hz, 3H), 4.01 (dd, ] = 7.2; 8.4 Hz, 1H), 4.54 (dd, ] = 7.7; 8.4
Hz, 1H), 4.80-4.86 (m, 1H). 13C NMR (125 MHz, CDCl3): 6 = 19.4, 70.8, 73.6, 155.1.
IR: 1782 cm'! (C=0).

Carbonate 35: Colorless oil. Yield: 94%, Selectivity: >99%. 1H NMR (500 MHz,
CDCI3): 6 = 1.53 (s, 6H), 4.15 (s, 2H). 13C NMR (125 MHz, CDCI3): 6 = 26.3, 75.5,
76.4,154.6.1R: 1794 cm (C=0).

Carbonate 36: Colorless oil. Yield: 95%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): 6 =3.63 (dd, J = 3.7; 10.9 Hz, 1H), 3.71 (dd, J = 4.1; 10.9 Hz, 1H), 4.39 (dd, J
= 6.0; 8.4 Hz, 1H), 4.61 (q, / = 10.5 Hz, 2H), 4.50 (t, / = 8.3 Hz, 1H), 4.70-4.89 (m,
1H), 7.28-7.48 (m, 5H). 13C NMR (125 MHz, CDCl3): § = 66.5, 69.0, 73.9, 75.1, 127.9,
128.3,128.7,137.2,155.0. IR: 1786 cm1 (C=0).

A typical procedure for the synthesis of the cyclic carbonates from internal
epoxides and COz was carried out in a 30 mL steel autoclave using cyclohexene
oxide (1 mmol, 1 equiv.), cavitand catalyst 17 (3.0 mol%), NBusBr (5 mol %) under
neat conditions. The autoclave was then subjected to three cycles of pressurization
and depressurization with CO». Finally, the autoclave was charged with 1 MPa (10
bar) of CO2, heated to 80°C and the mixture stirred for 18 h. Hereafter, the
autoclave was cooled to rt and carefully depressurized. The volatiles were
removed under reduced pressure and the product was purified by flash column
chromatography (1:1 hexane/ethyl acetate as eluent) to afford the pure cyclic

carbonate.
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Carbonate 37: Yellow oil. Yield: 85%, Selectivity: >99%. 'H NMR (500 MHz,
CDCl3): 6 = 1.38-1.48 (m, 2H), 1.58-1.70 (m, 2H), 1.86-1.93 (m, 4H), 4.65-4.71 (m,
2H). 13C NMR (125 MHz, CDCl3): 6 = 19.3, 26.9, 75.9, 155.5. IR: 1783 cm'! (C=0).

Carbonate 38: Colorless oil. Yield: 76%, Selectivity: >99% with a cis/trans ratio of
85:15. 1H NMR (500 MHz, CDCls, major isomer): 6 = 1.33 (d, / = 6.3 Hz, 6H), 4.79-
4.85 (m, 2H). 13C NMR (125 MHz, CDCl3, major isomer): 6 = 14.4, 73.0, 154.6. IR:
1784 cm1 (C=0).

Carbonate 39: Yellow solid. Yield: 38%, Selectivity: >99%. 1H NMR (500 MHz,
CDCl3): 6 = 1.56-1.86 (m, 4H), 2.08-2.24 (m, 2H), 5.09-5.13 (m, 2H). 13C NMR (125
MHz, CDCl3): § = 21.7, 33.3,81.9, 155.6. IR: 1783 cm! (C=0).

Carbonate 40: White solid. Yield: 97%, Selectivity: >99%. 1H NMR (500 MHz,
CDCI3): 6 = 3.38-3.43 (m, 2H), 5.42-5.49 (m, 1H), 6.00 (d, / = 6.7 Hz, 1H), 7.30-7.38
(m, 2H), 7.43 (t,J = 7.5 Hz, 1H), 7.52 (d, J = 7.6 Hz, 1H). 13C NMR (125 MHz, CDCl3):
6 =38.2,79.9, 83.7, 125.8, 126.7, 128.4, 131.3, 136.6, 140.2, 154.8. IR: 1780 cm-!
(C=0).

Carbonate 41: Yellow oil. Yield: 92%, Selectivity: >99%. 'H NMR (500 MHz,
CDCl3): 8 = 1.55 (d, / = 6.2 Hz, 3H), 4.57-4.62 (m, 1H), 5.13 (d, J = 8.0 Hz, 1H), 7.30-
7.57 (m, 5H). 13C NMR (125 MHz, CDCIz): 6 = 18.5, 80.9, 85.0, 126.1, 129.4, 129.9,
135.2,154.4.1R: 1799 cm'! (C=0).

Carbonate 42: Yellow oil. Yield: 79%, Selectivity: >99%. 'H NMR (500 MHz,
CDCl3): 6 = 3.51-3.60 (m, 2H), 4.21-4.32 (m, 2H), 5.20 (d, / = 2.0 Hz, 2H). 13C NMR
(125 MHz, CDCl3): 6 = 73.2, 80.1, 154.4. IR: 1779 cm'! (C=0).
General procedure for the determination of the Kinetic profiles:

A typical procedure was carried out in a 30 mL steel autoclave using 1,2-

epoxyhexane (1 mmol, 1 equiv.), polyphenol catalyst (1.0-1.5mol %), NBu4l (5 mol
%) and MEK (2.5 mL) applying different reaction times (1, 2, 3, 4, 6, 10, 14 and 18
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h). The autoclave was then subjected to three cycles of pressurization and
depressurization with CO:. Finally, the autoclave was charged with 1 MPa (10
bars) of CO2, heated to 509C or 802C and the content stirred for the corresponding
time. Hereafter, the autoclave was cooled to rt and carefully depressurized. An
exact amount of mesitylene (around 0.100 mmol) was added to the reaction

mixture to calculate the conversion of the substrate by 1H NMR (CDCI3).

Data Points relating to Figure 3.2:

Time/h 12 17 22 11
1 34% 15% 12% 6%
2 50% 21% 20% 11%
3 57% 31% 27% 20%
4 65% 42% 33% 25%
6 75% 61% 48% 32%
10 90% 85% 61% 42%
14 99% 91% 73% 45%
18 99% 98% 80% 47%

Data Points relating to Figure 3.4:

Time/h 12 17 22
1 32% 18% 15%
2 41% 34% 32%
3 48% 42% 39%
4 58% 58% 48%
6 69% 68% 65%
10 73% 81% 78%
14 74% 91% 93%
18 77% 99% 93%
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Stereoselective Formation of (Z)-1,4-but-2-

ene Diols using Water as a Nucleophile

Using readily available vinyl cyclic carbonates as starting materials,
the first general catalytic stereoselective formation of (Z)-1,4-but-2-
ene diols is described using water as nucleophile. These scaffolds
present exquisite selectivity for the formation of the (Z)-alkene
configuration, high yields and excellent group tolerance. This
methodology is characterized by its operational simplicity and does
not require any (stoichiometric) additive or special precautions.
Control experiments suggest that the excellent stereoselectivity is a
result of stabilization of the Pd-intermediate through hyper-

conjugation.

This work has been published: W. Guo,* L. Martinez-Rodriguez,* E. Martin, E. C.
Escudero-Adan, A. W. Kleij, Angew. Chem. Int. Ed., 2016, 55, 11037-11040. *Equal

contribution.
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4.1 Diols as building blocks

Asymmetric catalytic reactions have emerged as a powerful tool in the
development of efficient and practical methodologies for the syntheses of target
molecules with biological and pharmaceutical applications.! Asymmetric reactions
provide a sustainable entry into a broad variety of chiral products due to an atom-
economical use of asymmetric auxiliaries.2 In the last decades the progress
achieved in the area of asymmetric catalysis has had a huge impact at the
industrial level. Among the most important examples of commercialized reactions
are the asymmetric hydrogenation developed by Knowles and Noyori that was
translated into an industrial process (Monsanto Process).3> Apart from this
seminal examples, dihydroxylation of olefins development by the Upjohn Company
was initially explored by Sharpless using osmium tetroxide as active catalyst in
order to obtain enantiopure 1,2-diols.”” Diols are among the most ubiquitous
scaffolds in organic chemistry being of eminent value in the total synthesis of
natural compounds, in polymer chemistry and typically encompass a wide

structural diversity.8-12

0s0, HO OH . : .
_ Upjohn: diastereoselective 991 dr
H,O dihydroxylation ’

R1 R3 OSO4 HO OH

— W R "R, Sharpless: enantioselective 99y, ge
R, Ry 2 "R, Ry dihydroxylation
o)

o/u\o H.O HO OH
2
. j» Kleij: diastereoselective .
<j> b z:/> dihydroxylation 99:1 dr

co,

Scheme 4.1: Enantio- and diastereoselective methodologies to achieve 1,2-diol scaffolds.

The stereoselective and enantio-selective preparation of 1,2-diols presented
in the Scheme 4.1 has undoubtedly received most of the attention of the synthetic

community. Regarding to safety, OsO4 is not considered an ideal reagent and its

96



UNIVERSITAT ROVIRA I VIRGILI
MOLECULE AND CATALYST DESIGN FOR RECOGNITION AND ACTIVATION OF SMALL MOLECULES
Luis Martinez Rodriguez

Stereoselective Formation of (Z)-1,4-but-2-ene Diols using Water as a Nucleophile

high toxicity (even at low concentrations) can lead to pulmonary edema; therefore
new (more) sustainable processes have been developed to achieve 1,2-diols such
as the hydrolytic kinetic resolution of epoxides!?® and the diastereoselective
formation of 1,2-cis-diols using carbon dioxide as a protecting group representing
important alternative of the use of osmium tetraoxide.*

On the other hand, other types of scaffolds like 1,3- and 1,4-diols still persist
to challenge synthetic chemists in terms of stereocontrol and selectivity. In this
respect, acyclic unsaturated (Z)-configured 1,4-diols have found important
applications as transient scaffolds towards the stereo-controlled preparation of
vinylcyclopropanes,!> vinyl glycinols'® and the formation of lactones.l” A recent
contribution from Hoveyda has exposed further growth potential of these 1,4-diol
synthons in catalytic and stereoselective cross-metathesis furnishing valuable
acyclic (Z)-allylic alcohols.’® Up to now, the limited amount of available strategies
for (Z)-1,4-but-2-ene diol synthesis have in common that they require
stoichiometric chemistry and/or air-sensitive reagents such as DIBAL-H
(diisobutylaluminum hydride).15-16 Despite the increasing incentive of (Z2)-1,4-but-
2-ene diols in synthetic chemistry, the quest towards an efficient and mild catalytic

protocol focusing on such (substituted) 1,4-diol scaffolds still continues.19-20

4.2 Screening studies and scope of 1,4-diol formation

Inspired by the dearth of catalytic solutions for the stereo-controlled
construction of substituted (Z)-but-2-ene diols, the use of vinyl-substituted cyclic
carbonates as key reaction partners was anticipated thus using COz as temporary
protecting group.1* Previous success reported by Ooi and Zhang with these latter
scaffolds demonstrated that decarboxylative functionalization with suitable
electrophiles such as Michael acceptors is feasible under mild reaction conditions
giving access to furans,?l tertiary vinylglycols?2 and highly functional
pyrrolidines.2? As an intermediate in these Pd-mediated processes a zwitterionic
structure was postulated (Scheme 4.2). Conceptually, such a charge-separated
structure should possess ambivalent reactivity, with the Pd-allyl fragment being

highly electrophilic and amenable to react with (very) weak nucleophiles such as
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water.24-25> Examples of catalytic conversions that are based on the use of water as
nucleophilic reagent are, however, extremely rare.12-1326-31 A successful
development of new catalytic methodology towards selective (Z)-but-2-ene diol
formation by nucleophilic hydration of in situ formed allyl surrogates would
provide a highly attractive new route towards these synthetically useful scaffolds.
In this chapter is disclosed such a conceptually new and highly efficient
approach for (Z)-but-2-ene diols that is based on a decarboxylative hydration of

readily available vinyl-based cyclic carbonates under mild operating conditions

(Scheme 4.2).
R
R
Xx7Ng, 3 dr> 201
Rs  98%ee
TR,y 99% ee
S
Z XN WL OH
iR iR
R H H
2 R3 o Z 1 Z 1
R4 HJL/H/
N7 Rs
ﬁ\ pdL ®PdL" | A
x~ 0 " @X‘ \.\// Rs ATONT HX‘ NH,
\_V o R1 H G iRy
R, z =z
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: - 99% ee
X: O or N-Ns wRﬂ\‘H ()
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— . R
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Scheme 4.2. Synthesis of various scaffolds based on the decarboxylative functionalization of vinyl

cyclic carbonates; the 1,4-diol formation is subject of the present chapter.

The screening phase towards appropriate reaction conditions for the
synthesis of unsaturated 1,4-diol compound 74 started off with the use of vinyl
carbonate 43 and using various Pd precursors and phosphine ligands (Table 4.1).
Various Pd precursors were tested including the well-known and reactive White
catalyst, which is a (commercial) Pd(OAc): precursor ligated by a bis-sulfoxide.32-33

We first screened various mono- and bidentate ligands (L1-L8) combined with
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this precursor using DMF as solvent.3* Whereas the use of mono-dentate
phosphine ligands L1-L5 (entries 1-5) did not result in any observable formation
of 74, to our delight the presence of bidentate phosphines L6—L8 (entries 6—-8)
proved to be highly beneficial for the formation of the desired 1,4-but-2-ene diol

under ambient conditions.

Table 4.1: Optimization of conditions in the synthesis of (Z)-1,4-but-2-ene diol 74 from vinyl

carbonate 43 varying the Pd precursor, phosphine ligand L, and the solvent.

)OJ\ Z/E >99:1
o” o [Pd], 2.0 mol%; L (5.0 mol%) H°_>=e:'_°H
;7«% -CO,, solvent, rt, 12 h g PH
43 +H:0) 74
Entry Pd precursor Ligand Solvent Yield3>

1 White catalyst L1 DMF 0

2 White catalyst L2 DMF 0

3 White catalyst L3 DMF 0

4 White catalyst L4 DMF 0

5 White catalyst L5 DMF 0

6 White catalyst L6 DMF 90

7 White catalyst L7 DMF 95

8 White catalyst L8 DMF 98

9 Pd(dba)s-CHCl3 L8 DMF 97

10 Pd(dba): L8 DMF 99

11 Pd(0Ac): L8 DMF 94

12 Pd(PPhs),Cl L8 DMF 70

13 White catalyst L8 CH3CN 40

14 White catalyst L8 MeOH <1

15 White catalyst L8 CHCI, 0

16 White catalyst L8 THF 0
e R
. P R .
i @ (O™ e Fe O O @ /@ |
R—@ L3R = Ph Q / /O ph,p~ Ph,P ° PPh, Ph,P ° PPh,
 LRI—H L4:R? = Cy L5 L6 L7 L8
L L2R"=Me
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Moreover, 1H NMR analysis supported the exclusive formation of the (Z)-
configured product (Z/E >99:1). Further screening (entries 8—12) of other Pd
precursors in the presence of L8 showed Pd(dba)z and [Pdz(dba)sz-CHCl3] (dba =
dibenzylideneacetone) to be excellent precursors, but the use of Pd(PPh3)2Cl gave
significantly lower yield likely due competition between the two types of
phosphine ligands. Other solvents than DMF were probed (entries 13-16) but
these showed inferior yields of 74 underlining the crucial importance of the
polarity of the medium. Finally, it was considered that the use of the White catalyst
is more practical as it is easier to handle and more stable than Pd(dba): and
Pdz(dba)3-CHCI3, and therefore it was used to investigate the product scope of this
catalytic reaction.

Thus, the optimized conditions reported in entry 8 of Table 4.1 were then
used to investigate the product scope in detail (Scheme 4.3). The substituents of
the vinyl carbonate reagent were systematically varied and provided an entry into
a series of substituted (Z)-but-2-ene diols 74—101. In most cases excellent isolated
yields (up to 98%) and selectivity (>99:1) towards the (Z)-isomer were noted. This
user-friendly procedure does not require any additive and can be operated in air at
ambient temperature. The introduction of various aryl groups in the olefinic unit
are tolerated including para- and meta-substituted (di)halo-aryls (75, 76, 80, 91,
92, 96 and 97), benzoic ester (82) and even thioether (85) groups. The use of 2-
and 3-furyl and thiophene-substituted cyclic carbonates smoothly leads to (Z)-1,4-
diols 86—88 in high yield despite the potential of the heteroatoms to coordinate
and deactivate the Pd-catalyst.

The use of vinyl carbonates with an ortho-substitution in the aryl
substituent did not result in any observable formation of the corresponding 1,4-
diols under the optimized conditions (Entry 8, Table 4.1). For the conversion of
these more challenging substrates harsher conditions were required, ie. an
increase in the reaction temperature to 602 C, the addition of higher amount of
water to the medium (60 pL of H20 to 200 uL of DMF), and increasing the catalyst
loading (5.0 mol % White catalyst, 10.0 mol % L8). With these conditions in hand,
the ortho-fluoro-aryl derived diol 93 was isolated in 55 % yield, and the ortho-Br-
aryl derivative 94 in 63% yield with in both cases high selectivity for the (Z)-
isomer (>99:1). The use of the vinyl carbonate equipped with a 3-pyridyl group
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also required these modified conditions to be converted into the desired diol 89
(61% yield). Pyridine motifs are known to be excellent ligands in palladium
mediated C-H activation and thus they may compete for coordination to the Pd
precursor and slow down the decarboxylative functionalization reaction.3¢
Interestingly, the presence of other substitution patterns is also allowed
producing for instance an a-functionalized diol (100) and an elusive tetra-
substituted olefin derivative with complete control of the stereoselectivity towards
the formation of the (Z) stereoisomer (101). The straightforward formation of 101
demonstrates the potential to install substituents on the f-carbon of the allylic
scaffolds thus further amplifying the generality of the protocol, and typically the
stereo-controlled introduction of different substituents in the olefin unit
represents a huge challenge.3” Various methodologies based on allylic chemistry
towards the formation of j-disubstituted olefins have been developed with poor
group tolerance and without stereocontrol.38-43 The (Z)-configuration of all the
compounds was deduced from 1D and 2D NMR analysis, whereas in the case of 81
further evidence for the preferred stereo-isomer formation was obtained from X-

ray diffraction studies (Figure 4.1).44

C14A

Figure 4.1: Displacement ellipsoid plot (50% probability level) of diol compound 81.
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o)
J R,
Q yO White catalyst ; L8 HO v ; OH
LN CO, DMF, 12h
- 2 3

R: Ry
R2 (HZO)

74-101: Z/E >99:1

Cl BnO NC

Br
@_7; Q_i . . .
HO OH HO OH Ho—' \—0OH HO OH HO OH

Yield: 90%; Z/E>99:1  Yield: 90%; Z/E>99:1 Yield: 95%; Z/E>99:1  Yield: 74%; Z/IE>99:1  Yield: 91%; Z/E>99:1

MeOOC

Me, F, Ph tBu
HO OH HO OH HO OH HO OH HO OH

Yield: 80%; Z/E>99:1  Yield: 97%; Z/E>99:1  Yield: 78%; Z/E>99:1 Yield: 84%; Z/[E>99:1 Yield: 91%; Z/E>99:1

iPr MeS
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%_k / »
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— F —
HO OH HO OH HO OH HO OH HO OH
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Scheme 4.3: Product scope in the Pd-mediated formation of (Z)-but-2-ene diols 74-101.
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Highly functionalized olefin scaffolds have been found as various building
blocks/reaction partners.1845-51 The presence of alcohol groups allows for an easy
entry to unsaturated, nonsymmetrical 1,4-diamine scaffolds using standard
nucleophilic displacements.?5 Other post-modifications of these (Z)-1,4-but-2-ene
diols was investigated using 74 as starting material (Scheme 4.4). Simple
oxidation of the double bond (after alcohol protection) in 74 by meta-
chloroperoxybenzoic acid afforded 108 as a single diastereoisomer in 77% yield.
Oxidative lactonization of 74 using a radical initiator (9-azabicyclo[3.3.1]nonane
N-oxyl) under Cu-catalysis in the presence of N-methyl-imidazole produced the
lactone 109 in 97% yield.1” The cyclic ortho-ester 110 was prepared by combining
74 with trimethyl orthoformate under acid catalysis providing a well-known

protection of this diol useful in synthetic chemistry.>2-53

0]

MeO OMe o) o)
| o + | o
74 Ph
108: 77% \ Ph / 109: 97%

_)=\_ (85:15 ratio)
HO OH

()

®‘

MeO

o (0]

—

Ph
110: 93%

Scheme 4.4: Examples of post-modification reactions using (Z)-1,4-but-2-ene diol 74 in the

synthesis of other interesting scaffolds 108—110.
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4.3 Proposed catalytic cycle and control experiments

Intrigued by the highly stereo-selective nature of these conversions and in
order to gain mechanistic insight, we performed a series of control experiments
(Scheme 4.5). Vinyl carbonate 50 was subjected to the same reaction conditions
as used for 74 using anhydrous DMF; no conversion to diol (Z)-81 could be noted.
Using a combination of anhydrous DMF with 180-labelled water (9:1 v/v) and
treatment of vinyl carbonate 50 under these conditions afforded the labelled diol
(confirmed by MS analysis) (Z)-81 in 62% yield: these two combined results
support the key role of water in the stereo-selective formation of the 1,4-diols.
Further to this, when carbonate 50 is treated with H20 under basic conditions in
the absence of Pd catalyst the 1,2-diol 104 is produced that results from the
hydrolysis of the carbonate unit; this confirms that the 1,4-diol 81 is not generated
by a similar hydrolysis process known for cyclic carbonates under these basic
conditions, and underlines the crucial role of the Pd-catalyst towards 1,4 diol

formation.14.54-56

Ph
(2)-81: <1%
Anhydrous
conditions
(o]
HO OH OJ(O Ph
= = 18 . R90
. NaOH H,O (2)-81: 62%
104: 97%
50 HO 180H
Ph Ph

Scheme 4.5: Control experiments using vinyl carbonate 50 as substrate under different conditions.
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Thus, the presence of a suitable Pd catalyst is essential to produce the 1,4-
diol products, we then examined whether other vinyl-substituted carbonates (i.e.,
69, 72 and 73) would equally convert to their corresponding (Z)-but-2-ene diols
using the optimized reaction conditions (Scheme 4.6). When alkyl-substituted
carbonates (72 and 73) were probed no conversion to the targeted 1,4-diols 102
and 103 could be observed up to 60°C. Interestingly, diol 105 derived from
carbonate 69 that incorporates an additional vinyl substituent (less sterically
demanding than the aryl groups present in the carbonates 74-101) was obtained
in 74% yield as a 72:28 mixture of both (Z) and (E) isomers. In the case of the non-
substituted carbonate relatively slower conversion towards diol product 106 is
observed. The low Z/E ratio (1:1) of this latter conversion is the result of a non-
stereospecific nucleophilic attack governed by steric rather than electronic

features.

/ﬁ\
Pd precursor
722.R=Me 07 O P R

73 R _ L8 _)_\_ (Z)-102: R = Me, 0%
: = C \%/ - - . =
y 7 DME HO oH (%)-103:R=Cy, 0%
o
O’U\O Pd precursor —
69 L8 j>=\_ (Z)-105: 73%
DMF HO OH Z/E=72:28

/Ag

=0

o” Mo Pd precursor H

L8 _)=\_ 106: 70%
DMF HO OH Z/E=1:1

kS

Scheme 4.6: Control experiments using non-aryl substituted vinyl carbonates.

From the results presented in the Scheme 4.5 and 4.6 in combination with
detailed DFT studies reported recently for a rather similar process that involved
amines as nucleophiles, 25> a mechanistic rationale is proposed taking into count the
previously postulated zwitterionic Pd-allyl intermediate I generated after the

decarboxylative step (Scheme 4.7).21-23
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L \/R"\/ 2 . no diol formation
R = alkyl

Scheme 4.7: Proposed mechanistic manifolds related to the Pd intermediates formed after

decarboxylation.

Equilibration of n3-allyl-Pd species I to n!-palladacyclic intermediate II is
electronically biased as the presence of an aryl/vinyl substituent allows for hyper-
conjugation of the double bond: this in turn controls the (Z)-configuration of the
palladacycle and thus the stereocontrol towards the 1,4-diol product. In turn, the
lack of reactivity towards diol formation when R is an alkyl group is explained by a
larger charge-delocalization in intermediate I onto which nucleophilic attack by
water is disfavored for electronic reasons. Thus, clearly electron-donating groups
are unable to mediate the formation of intermediate II and no conversion is
observed as indeed noted experimentally.

Based on this, a catalytic cycle is showed in the Scheme 4.8 where the key
intermediates are represented to simplify and clarifies the mechanism of the
reaction (note that similar intermediates of this reaction were determined by DFT
analysis in a related amination process).2> The initial step of the reaction starting
from the White catalyst is the reduction of the Pd(II) precursor to Pd(0) in the
presence of an excess of bidentate phosphine L8 generating the catalytic active
species A . Then the palladium complex coordinates the vinyl unit of the carbonate
43 to give intermediate B followed by an oxidative cleavage of the cyclic carbonate
where there is a transfer of two electrons from the Pd center to the vinyl system.
This leads the formation of intermediate C containing an n’—allylic group attached

to a linear carbonate, which is fast equilibrium by n—c—r isomerization>’ with
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intermediate D. Then, irreversible CO; extrusion takes place leading to the

formation of the zwitterionic Pd-allyl intermediate 1,21-23 which due to hyper-

conjugation stabilization (with carbonate substrates incorporating aryl groups) is

favored over the formation of intermediate II, and consequently a six-membered

palladacyclic ring is formed. The double bond in the final product is already

formed in this intermediate, and it has to be necessarily in the (Z)-configuration as

it is integrated into the six-membered ring.25 The arrangement of the substituents

in intermediate II is such that it can be subsequently attacked by the nucleophile

resulting in the release of the 1,4-diol molecule 74 regenerating the Pd(0) species

for further catalytic turnover.

White catalyst (o)
Nu red.l L8 O/U\O 43
Attack \7«’
— —
HZC) P. /F3 Ph

N .~ Ph . , Pv
A o o / Oxidative
co, 0) Addition
co o © OYO e
Extruszion Phk (0] Ph Pld
) Ss== © /N
/Pq(@ T—C—T P P
P\\_ P Cc
D

Scheme 4.8: Catalytic cycle for the formation of the (Z)-1,4-diol 74 through a decarboxylative

hydration process catalyzed by Pd/L8.

4.4 Conclusions and outlook

A user-friendly, highly mild and stereo-selective methodology towards the

formation of synthetically useful (Z)-1,4-but-2-ene diols in high yield and under

exclusive stereocontrol has been developed. The results presented in this chapter
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demonstrate wide scope in the reaction partners and functional group diversity
allowing for the easy introduction of substituents in the ¢, £ and jy-position of the
allylic unit of the starting material. This procedure, that utilizes readily available
and modular vinyl-based cyclic carbonates and simple water as reactants, can be
operated in air and does not require any additive. Such privileged conditions may
greatly advance the use of these diol synthons in preparative chemistry as
demonstrated herein. Control experiments confirmed that water induces the
formation of the 1,4-diol moiety. The exquisite stereoselectivity of the process is
guided by the in situ formation of a six-membered palladacycle which is stabilized

by hyper-conjugation with the aryl/vinyl groups of the carbonate substrate.

4.5 Experimental section

General methods and materials.

The White catalyst was purchased from Aldrich or TCI and was stored in the
fridge (—202C) for use. TH NMR, 13C{1H} NMR, 1°F NMR and related 2D NMR (COSY,
HSQC, DEPTQ135, NOESY) spectra were recorded at room temperature on a
Bruker AV-400 or AV-500 spectrometer and referenced to the residual deuterated
solvent signals. All reported NMR values are given in parts per million (ppm).
Chemical shifts are reported in ppm relative to the residual solvent peaks in CDCl3
(6= 7.26 ppm), [Ds]Acetone (6= 2.05 ppm) and [D¢]DMSO (6= 2.50 ppm). FT-IR
measurements were carried out on a Bruker Optics FTIR Alpha spectrometer. Mass
spectrometric analyses and X-ray diffraction studies were performed by the

Research Support Group at ICIQ and Universidade de Santiago de Compostela.

General procedure for the preparation of vinyl cyclic carbonates:

The o-hydroxylmethyl ketones were synthesized following a reported
procedure when it was not commercial available.58 The vinyl carbonates can be
easily prepared according to a previous reported procedure using minor

modifications (Scheme 4.9).21-22
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O
O 1) vinyl-MgBr O’«
M _oH . = RANP
R 2) triphosgene

\

Scheme 4.9: General procedure for vinyl cyclic carbonates using a-hydroxymethyl ketones.

To a solution of the respective hydroxy methyl ketone (5 mmol, 1 eq) in
THF (20 mL) was added vinylmagnesium bromide (1.0 M in THF, 2.5 eq) at 0 °C.
The reaction was stirred under an N2 atmosphere at room temperature for 2 h. The
reaction mixture was then quenched with saturated aqueous NH4Cl, and extracted
with EtOAc. The combined organic layers were dried over anhydrous NazSOa,
filtered and concentrated affording a light yellow crude. To a solution of resultant
crude mixture in CH2Cl2 (30 mL) added pyridine (20 mmol, 4 eq) and triphosgene
(2.5 mmol, 0.5 eq) at 0 °C. The reaction was stirred under an N2 atmosphere at
room temperature for 2 h. The reaction mixture was then quenched with saturated
aqueous NH4Cl, washed with H20, and extracted with CH2Cl,. The combined
organic layers were dried over anhydrous NazSOj, filtered and concentrated. The
residue was purified by flash chromatography on silica to afford the corresponding
carbonate. Note that only for the previously unknown compounds a HRMS analysis

was carried out.

The compound numbering can be found in the section “List of Relevant

Compounds” on page 129.

4-Phenyl-4-vinyl-1,3-dioxolan-2-one, 43: Yellow oil. Yield: 80%, 1H NMR (500
MHz, CDCl3): & = 4.58 (d, J = 8.4 Hz, 1H), 4.65 (d, ] = 8.4 Hz, 1H), 5.41 (d, ] = 6.8 Hz,
1H), 5.44 (s, 1H), 6.16 (dd, J = 10.8; 17.1 Hz, 2H), 7.34-7.45 (m, 5H). 13C NMR (125
MHz, CDClz): 6 = 74.5, 85.5,117.6, 124.9, 128.9, 129.0, 136.5, 138.4, 154.1.

4-(4-Bromophenyl)-4-vinyl-1,3-dioxolan-2-one, 44: Yellow oil. Yield: 93%, 1H

NMR (500 MHz, CDCls): 6 = 4.53 (d, ] = 8.5 Hz, 1H), 4.64 (d, ] = 8.5 Hz, 1H), 5.40 (dd,
J=10.7; 17.1 Hz, 2H), 6.12 (dd, ] = 10.7; 17.1 Hz, 1H), 7.24 (d, ] = 8.7 Hz, 2H), 7.57
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(d, ] = 8.7 Hz, 2H). 13C NMR (125 MHz, CDCl3): § = 74.5, 85.2, 118.3, 123.4, 126.8,
132.4,136.2,137.6, 153.9.

4-(4-Chlorophenyl)-4-vinyl-1,3-dioxolan-2-one, 45: Yellow oil. Yield: 76%, 1H
NMR (500 MHz, CDCl3): & = 4.53 (d, J = 8.5 Hz, 1H), 4.64 (d, J = 8.5 Hz, 1H), 5.36-
5.50 (m, 2H), 6.13 (dd, J = 10.7; 17.1 Hz, 1H), 7.30 (d, / = 8.8 Hz, 2H), 7.41 (d, / = 8.8
Hz, 2H). 13C NMR (125 MHz, CDClz): 6 = 74.5, 85.2, 118.3, 126.6, 129.4, 135.2,
136.3,137.1,153.9.

4-(4-(Benzyloxy)phenyl)-4-vinyl-1,3-dioxolan-2-one, 46: White solid. Yield:
50%, TH NMR (500 MHz, CDCl3z): 6 = 4.56 (d, / = 8.5 Hz, 1H), 4.60 (d, J = 8.5 Hz, 1H),
5.08 (s, 2H), 5.40 (d, J = 7.1 Hz, 1H), 5.43 (s, 1H), 6.14 (dd, J = 10.8; 17.1 Hz, 1H),
7.01 (d, J = 8.9 Hz, 2H), 7.23 (d, J = 8.9 Hz, 2H), 7.33-7.45 (m, 5H). 13C NMR (125
MHz, CDClz): § = 70.3, 74.7, 85.6, 115.4, 117.6, 126.7, 127.6, 128.3, 128.8, 130.6,
136.7, 136.8, 154.3, 159.3. IR: 1787 cm-! (C=0). HRMS (ESI+, MeOH): calcd for
C18H1604Na [M + Na]*: 319.0941; found: 319.0938.

4-(4-Isocyanophenyl)-4-vinyl-1,3-dioxolan-2-one, 47: Yellow oil. Yield: 20%,
1H NMR (500 MHz, CDCl3): 6 = 4.53 (d, ] = 8.6 Hz, 1H), 4.70 (d, J = 8.6 Hz, 1H), 5.36-
5.68 (m, 2H), 6.13 (dd, J = 10.7; 17.1 Hz, 1H), 7.50 (d, ] = 8.5 Hz, 2H), 7.75 (d, ] = 8.5
Hz, 2H). 13C NMR (125 MHz, CDClz): 6 = 74.3, 84.9, 113.3, 118.1, 118.9, 125.9,
133.0,135.6,143.6, 153.4.

4-(p-Tolyl)-4-vinyl-1,3-dioxolan-2-one, 48: Yellow oil. Yield: 71%, 1H NMR (500
MHz, CDCl3): 6 = 2.37 (s, 3H), 4.56 (d, /] = 8.4 Hz, 1H), 4.62 (d, J = 8.4 Hz, 1H), 5.40
(d, /= 4.0 Hz, 1H), 5.42 (d, ] = 2.4 Hz, 1H), 6.15 (dd, J = 10.7; 17.2 Hz, 2H), 7.11-7.32
(m, 4H). 13C NMR (125 MHz, CDCI3): § = 21.3, 74.7, 85.7, 117.6, 125.0, 129.8, 135.6,
136.8,139.1, 154.3.

4-(4-Fluorophenyl)-4-vinyl-1,3-dioxolan-2-one, 49: Yellow oil. Yield: 91%, 1H
NMR (500 MHz, CDCl3): 6 = 4.55 (d, ] = 8.5 Hz, 1H), 4.64 (d, ] = 8.5 Hz, 1H), 5.41 (d, /
= 17.2 Hz, 1H), 5.45 (d, ] = 10.7 Hz, 1H), 6.14 (dd, / = 10.7; 17.2 Hz, 2H), 7.12 (t, ] =
8.6 Hz, 2H), 7.35 (dd, / = 5.1; 8.9 Hz, 2H). 19F NMR (500 MHz, CDCI3): § =-112.4. 13C
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NMR (125 MHz, CDCl3): 6 = 74.5, 85.1, 116.1 (d, J = 21.9 Hz), 118.0, 127.0 (d, /] = 8.4
Hz), 134.1, 136.3, 153.8, 162.8 (d, / = 249.1 Hz). IR: 1797 cm-1 (C=0). HRMS (ESI+,
MeOH): calcd for C11HoFO3Na [M + Na]+*: 231.0428; found: 231.0419.

4-([1,1'-Biphenyl]-4-yl)-4-vinyl-1,3-dioxolan-2-one, 50: White solid. Yield:
84%, TH NMR (500 MHz, CDCl3): 6§ = 4.62 (d, /] = 8.5 Hz, 1H), 4.68 (d, ] = 8.5 Hz, 1H),
5.35-5.58 (m, 2H), 6.20 (dd, J = 10.7; 17.2 Hz, 1H), 7.35-7.49 (m, 5H), 7.54-7.60 (m,
2H), 7.65 (d, ] = 8.5 Hz, 2H). 13C NMR (125 MHz, CDCl3): 6 = 74.7, 85.6, 117.9, 125.6,
127.3, 127.9, 128.0, 129.1, 130.5, 136.6, 137.4, 140.2, 142.1, 154.2. IR: 1781 cm!
(C=0). HRMS (ESI+, MeOH): calcd for Ci7H1403Na [M + Na]*: 289.0835; found:
289.0831.

4-Methyl-(2-0x0-4-vinyl-1,3-dioxolan-4-yl)benzoate, 51: Yellow oil. Yield:
87%, TH NMR (500 MHz, CDCl3): § = 3.94 (s, 3H), 4.56 (d, /= 8.5 Hz, 1H), 4.69 (d, ] =
8.5 Hz, 1H), 5.42 (d, ] = 15.6 Hz, 1H), 5.46 (d, /] = 9.2 Hz, 1H), 6.15 (dd, = 10.7; 17.1
Hz, 2H), 7.44 (d, J = 8.8 Hz, 2H), 8.10 (d, / = 8.8 Hz, 2H). 13C NMR (125 MHz, CDCl3):
6=524,74.3,85.2,118.2,125.1, 130.4, 130.9, 136.0, 143.3, 153.8, 166.4. IR: 1776
cml, 1716 cm! (C=0). HRMS (ESI+, MeOH): calcd for Ci3Hi20sNa [M + Na]*:
271.0577; found: 271.0567.

4-(4-(tert-Butyl)phenyl)-4-vinyl-1,3-dioxolan-2-one, 52: White solid. Yield:
98%, 'H NMR (500 MHz, CDCl3): 6 = 1.32 (s, 9H), 4.58 (d, / = 8.4 Hz, 1H), 4.63 (d, ] =
8.4 Hz, 1H), 5.40 (d, / = 3.6 Hz, 1H), 5.44 (d, J = 10.0 Hz, 1H), 6.15 (dd, /] = 10.7; 17.2
Hz, 1H), 7.29 (d, ] = 8.5 Hz, 2H), 7.44 (d, ] = 8.5 Hz, 2H). 13C NMR (125 MHz, CDCl3):
6 =314, 348, 74.7,85.7, 117.5, 124.8, 126.1, 135.5, 136.8, 152.3, 154.3. IR: 1800
cm! (C=0). HRMS (ESI+, MeOH): calcd for C1sH1g03Na [M + Na]*: 269.1148; found:
269.1159.

4-(4-Isopropylphenyl)-4-vinyl-1,3-dioxolan-2-one, 53: Yellow oil. Yield: 85%,
1H NMR (500 MHz, CDCl3): & = 1.25 (d, ] = 6.9 Hz, 6H), 2.93 (p, ] = 6.9 Hz, 1H), 4.57
(d,] = 8.4 Hz, 1H), 4.63 (d, ] = 8.4 Hz, 1H), 5.40 (d, ] = 2.1 Hz, 1H), 5.44 (d, ] = 8.4 Hz,
1H), 6.15 (dd, J = 10.8; 17.2 Hz, 1H), 7.28 (s, 4H). 13C NMR (125 MHz, CDCl3): 6 =
24.0, 34.0, 74.7,85.7, 117.5, 125.1, 127.2, 135.9, 136.8, 146.0, 154.3. IR: 1798 cm!
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(C=0). HRMS (ESI+, MeOH): calcd for C14H1603Na [M + Na]*: 255.0992; found:
255.0998.

4-(4-(Methylthio)phenyl)-4-vinyl-1,3-dioxolan-2-one, 54: Yellow oil. Yield:
52%, 1H NMR (500 MHz, CDCl3): § = 2.49 (s, 3H), 4.55 (d, /= 8.5 Hz, 1H), 4.62 (d,] =
8.5 Hz, 1H), 5.41 (d,J = 11.5 Hz, 1H), 5.43 (d, / = 5.1 Hz, 1H), 6.14 (dd, /] = 10.7; 17.1
Hz, 1H), 7.27-7.29 (m, 4H). 13C NMR (125 MHz, CDClz): 6 = 15.6, 74.6, 85.5, 117.9,
125.6,126.7, 135.0, 136.5, 140.3, 154.1. IR: 1796 cm! (C=0). HRMS (ESI+, MeOH):
calcd for C12H1203SNa [M + Na]*: 259.0399; found: 259.0408.

4-(Furan-2-yl)-4-vinyl-1,3-dioxolan-2-one, 55: Yellow oil. Yield: 56%, 1TH NMR
(500 MHz, CDCl3): 6 = 4.48 (d, / = 8.5 Hz, 1H), 4.51 (d, J = 8.5 Hz, 1H), 5.33-5.59 (m,
2H), 6.13 (dd,J=10.8; 17.2 Hz, 1H), 6.41 (dd, J = 1.2; 1.7 Hz, 1H), 7.40-7.61 (m, 2H).
13C NMR (125 MHz, CDCl3): 6 = 74.2, 81.7, 108.4, 118.5, 124.3, 135.2, 140.7, 144.8,
154.1. IR: 1792 cm (C=0). HRMS (ESI+, MeOH): calcd for CoHgOsNa [M + Na]*:
203.0315; found: 203.0320.

4-(Thiophen-2-yl)-4-vinyl-1,3-dioxolan-2-one, 56: Yellow oil. Yield: 68%, 1H
NMR (500 MHz, CDCl3): & = 4.55 (d, ] = 8.5 Hz, 1H), 4.59 (d, J = 8.5 Hz, 1H), 5.46 (dd,
J =3.2; 14.0 Hz, 2H), 6.17 (dd, / = 10.7; 17.1 Hz, 1H), 7.06 (dd, J = 1.4; 5.1 Hz, 1H),
7.35 (dd, J = 1.4; 3.0 Hz, 1H), 7.42 (dd, J = 3.0; 5.1 Hz, 1H). 13C NMR (125 MHz,
CDCl3): 6=74.5,83.9,118.1,123.2,125.2,127.9, 135.9, 139.4, 154.2.

4-(Pyrrol-2-yl)-4-vinyl-1,3-dioxolan-2-one, 57: Yellow oil. Yield: 60%, 1TH NMR
(500 MHz, CDCl3): 6 = 4.43 (d, /] = 8.5 Hz, 1H), 4.49 (d, ] = 8.5 Hz, 1H), 5.53-5.68 (m,
2H), 6.17 (dd, J = 10.8; 17.1 Hz, 1H), 6.43 (dd, ] = 1.8; 3.4 Hz, 1H), 6.51 (dd, J = 0.9;
3.4 Hz, 1H), 7.53 (dd, / = 0.9; 1.8 Hz, 1H). 13C NMR (125 MHz, CDCl3): 6 = 72.2, 80.8,
111.0,111.4,118.9,133.5, 144.6, 149.3, 154.0.

4-(Pyridin-3-yl)-4-vinyl-1,3-dioxolan-2-one, 58: Brown oil. Yield: 23%, 1TH NMR
(500 MHz, CDCl3): 6 = 4.60 (d, J = 8.6 Hz, 1H), 4.70 (d, ] = 8.5 Hz, 1H), 5.40-5.55 (m,
2H), 6.17 (dd, / = 10.8; 17.1 Hz, 1H), 7.39 (ddd, / = 0.9; 4.8; 8.0 Hz, 1H), 7.75 (ddd, J
=1.6; 2.5; 8.0 Hz, 1H), 8.54-8.74 (m, 2H). 13C NMR (125 MHz, CDCl3): 6 = 74.3, 84.1,
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118.4, 123.9, 133.0, 135.9, 146.8, 150.5, 153.5. IR: 1798 cm! (C=0). HRMS (ESI+,
MeOH): calcd for C1oH10NO3 [M + H]*: 192.0656; found: 192.0655.

4-(m-Tolyl)-4-vinyl-1,3-dioxolan-2-one, 59: Yellow oil. Yield: 78%, 1H NMR
(500 MHz, CDClz): 6 = 2.38 (s, 3H), 4.56 (d, /] = 8.4 Hz, 1H), 4.64 (d, ] = 8.4 Hz, 1H),
5.41 (d,J = 10.8 Hz, 1H), 5.42 (d, J = 17.2 Hz, 1H), 6.15 (dd, ] = 10.8; 17.2 Hz, 1H),
7.10-7.23 (m, 3H), 7.28-7.33 (m, 1H). 13C NMR (125 MHz, CDClz): 6 = 21.7, 74.7,
85.7, 117.6, 122.0, 125.6, 129.0, 129.8, 136.8, 138.6, 139.1, 154.3. IR: 1798 cm
(C=0). HRMS (ESI+, MeOH): calcd for Ci2H1203Na [M + Na]*: 227.0679; found:
227.0680.

4-(3-Bromophenyl)-4-vinyl-1,3-dioxolan-2-one, 60: Yellow oil. Yield: 62%, 1H
NMR (500 MHz, CDCl3): § = 4.54 (d, J = 8.5 Hz, 1H), 4.65 (d, J = 8.5 Hz, 1H), 5.35-
5.45 (m, 2H), 6.12 (dd, J = 10.7; 17.1 Hz, 1H), 7.27-7.36 (m, 2H), 7.49-7.52 (m, 2H).
13C NMR (125 MHz, CDCl3): 6 = 74.5, 84.9, 118.4, 123.4, 123.6, 128.3, 130.8, 132.3,
136.1, 140.8, 153.8.

4-(3-Chlorophenyl)-4-vinyl-1,3-dioxolan-2-one, 61: Yellow oil. Yield: 70%, H
NMR (500 MHz, CDCl3): & = 4.55 (d, ] = 8.5 Hz, 1H), 4.65 (d, ] = 8.5 Hz, 1H), 5.40 (d, ]
= 14.5 Hz, 1H), 5.46 (d, ] = 8.1 Hz, 1H), 6.13 (dd, /= 10.7; 17.1 Hz, 1H), 7.23-7.26 (m,
1H), 7.35-7.38 (m, 3H). 13C NMR (125 MHz, CDCl3): & = 74.5, 85.0, 118.4, 123.2,
125.4, 129.3, 130.5, 135.3, 136.1, 140.6, 153.8. IR: 1798 cm! (C=0). HRMS (ESI+,
MeOH): calcd for C11H9ClO3Na [M + Na]+*: 247.0132; found: 247.128.

4-(2-Fluorophenyl)-4-vinyl-1,3-dioxolan-2-one, 62: Yellow oil. Yield: 75%, 1H
NMR (500 MHz, CDCl3): 6 = 4.60 (dd, J = 1.7; 8.5 Hz, 1H), 4.75 (dd, ] = 2.6; 8.8 Hz,
1H), 5.27-5.45 (m, 2H), 6.03-6.24 (m, 1H), 7.12 (ddd, J = 1.2; 8.3; 11.2 Hz, 1H), 7.23
(td, J = 1.2; 7.6 Hz, 1H), 7.35-7.42 (m, 1H), 7.56 (td, / = 1.8; 7.8 Hz, 1H). 19F NMR
(500 MHz, CDCl3): & = -115.1. 13C NMR (125 MHz, CDCl3): & = 74.6 (d, J = 8.0 Hz),
83.4 (d, ] = 2.5 Hz), 116.0 (d, J = 20.1 Hz), 117.1, 125.0 (d, J = 3.5 Hz), 126.3 (d, ] =
3.5 Hz), 130.7 (d, J = 8.3 Hz), 135.3 (d, J = 1.9 Hz), 153.6, 158.5 (d, ] = 245.1 Hz). IR:
1805 cm-! (C=0). HRMS (ESI+, MeOH): calcd for C11H9FO3Na [M + Na]*: 231.0428;
found: 231.0427.
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4-(2-Bromophenyl)-4-vinyl-1,3-dioxolan-2-one, 63: Yellow oil. Yield: 50%, 'H
NMR (500 MHz, CDCl3): 6 = 4.74 (d, ] = 8.9 Hz, 1H), 4.98 (d, ] = 8.9 Hz, 1H), 5.40 (dd,
J=3.2; 13.8 Hz, 2H), 6.36 (dd, ] = 10.6; 17.1 Hz, 1H), 7.22-7.30 (m, 1H), 7.42 (ddd, J
=1.3; 7.4; 7.9 Hz, 1H), 7.62 (dd, / = 1.3; 7.9 Hz, 1H), 7.70 (d, / = 1.7; 8.0 Hz, 1H). 13C
NMR (125 MHz, CDClz): 6 = 74.6, 85.6, 118.6, 119.1, 127.5, 128.3, 130.5, 134.4,
135.1,138.8, 153.6.

4-(3,5-Dimethylphenyl)-4-vinyl-1,3-dioxolan-2-one, 64: Yellow oil. Yield: 58%,
1H NMR (500 MHz, CDCl3): 6 = 2.33 (d, J = 0.7 Hz, 6H), 4.55 (d, /] = 8.4 Hz, 1H), 4.62
(d, J = 8.4 Hz, 1H), 5.36-5.46 (m, 1H), 6.13 (dd, J = 10.7; 17.2 Hz, 1H), 6.95 (dt, ] =
0.7; 1.2 Hz, 2H), 7.00 (dt, J = 0.8; 1.5 Hz, 1H). 13C NMR (125 MHz, CDCl3): 6 = 21.5,
74.7, 85.7, 117.3, 122.6, 130.6, 136.8, 138.6, 138.9, 154.3. IR: 1790 cm (C=0).
HRMS (ESI+, MeOH): calcd for C13H1403Na [M + Na]*: 241.0835; found: 241.0831.

4-(3,4-Dichlorophenyl)-4-vinyl-1,3-dioxolan-2-one, 65: Yellow oil. Yield: 63%,
1H NMR (500 MHz, CDCl3): 6 = 4.52 (d, ] = 8.6 Hz, 1H), 4.65 (d, ] = 8.6 Hz, 1H), 5.44
(d, /] =17.1 Hz, 1H), 5.48 (d, J = 10.7 Hz, 1H), 6.11 (dd, J = 10.7; 17.1 Hz, 1H), 7.21
(dd, J = 2.3; 8.4 Hz, 1H), 7.47 (d, ] = 2.2 Hz, 1H), 7.52 (d, J = 8.4 Hz, 1H). 13C NMR
(125 MHz, CDCl3): 6 = 74.3, 84.6, 118.7, 124.4, 127.4, 131.3, 133.7, 135.7, 138.8,
153.6. IR: 1798 cm-! (C=0). HRMS (ESI+, MeOH): calcd for C11HsCl203Na [M + Na]*:
280.9743; found: 280.9736.

4-(3-Bromo-4-fluorophenyl)-4-vinyl-1,3-dioxolan-2-one, 66: Brown oil. Yield:
60%, TH NMR (500 MHz, CDClz): 6 = 4.53 (d, / = 8.6 Hz, 1H), 4.64 (d, ] = 8.6 Hz, 1H),
5.34-5.62 (m, 2H), 6.11 (dd, J = 10.7; 17.1 Hz, 1H), 7.19 (ddd, J = 4.4; 8.0; 8.6 Hz,
1H), 7.30 (ddd, ] = 2.4; 4.4; 8.6 Hz, 1H), 7.58 (dd, J = 2.4; 6.3 Hz, 1H). 1°F NMR (500
MHz, CDCl3): § =-106.2. 13C NMR (125 MHz, CDCl3): § = 74.4, 84.6,110.1 (d, /= 21.6
Hz), 117.2 (d, ] = 22.9 Hz), 118.6, 125.9 (d, /] = 7.5 Hz), 130.7, 135.9, 153.6, 159.4 (d,
J=250.5 Hz).IR: 1797 cm1 (C=0).HRMS (ESI+, MeOH): calcd for C11HgBrFO3sNa [M
+ Na]*: 308.9535; found: 308.9533.

4-(Naphthalen-2-yl)-4-vinyl-1,3-dioxolan-2-one, 67: White solid. Yield: 30%, 1H
NMR (500 MHz, CDCl3): 6 = 4.79 (d, J = 8.5 Hz, 1H), 5.00 (d, J = 8.5 Hz, 1H), 5.24-
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5.55 (m, 2H), 6.40 (dd, ] = 10.6; 17.1 Hz, 2H), 7.40-7.56 (m, 2H), 7.78 (dd, ] = 1.2;
7.4 Hz, 1H), 7.84-8.05 (m, 1H). 13C NMR (125 MHz, CDCls): 6 = 74.9, 86.1, 120.1,
123.4,124.5,125.4, 126.1, 126.7, 128.8, 129.7, 130.1, 134.5, 136.8, 153.8.

4-(6-Methoxynaphthalen-2-yl)-4-vinyl-1,3-dioxolan-2-one, 68: White solid.
Yield: 63%, IH NMR (500 MHz, CDCl3): § = 3.93 (s, 3H), 4.66-4.72 (m, 2H), 5.44 (d, ]
= 4.7 Hz, 1H), 5.48 (d, J = 1.7 Hz, 1H), 6.24 (dd, / = 10.7; 17.2 Hz, 1H), 7.19-7.22 (m,
1H), 7.14-7.15 (m, 1H), 7.35-7.38 (m, 1H), 7.74-7.81 (m, 3H). 13C NMR (125 MHz,
CDCI3): 6 = 55.5, 74.6, 85.9, 105.8, 118.0, 120.0, 123.1, 124.3, 128.0, 128.4, 129.9,
133.3, 134.6, 136.7, 154.3, 158.7. IR: 1795 cm-1 (C=0). HRMS (ESI+, MeOH): calcd
for C16H1404Na [M + Na]*: 293.0784, found: 293.0783.

4-Phenyl-4-(prop-1-en-1-yl)-1,3-dioxolan-2-one, 70: Yellow oil. Yield: 86%, (2
isomers 6:4). 1H NMR (500 MHz, CDCl3, major isomer): 6 = 1.79 (d, J = 4.9 Hz, 3H),
4.54-4.65 (m, 2H), 5.73-5.93 (m, 2H), 7.35-7.47 (m, 5H). 13C NMR (125 MHz, CDClI;3,
major isomer): § = 17.8, 75.0, 85.7, 124.9, 128.7, 128.9, 130.0, 132.8, 139.1, 154.3.
IR: 1795 cm! (C=0). HRMS (ESI+, MeOH): calcd for Ci2H1203Na [M + Na]*:
227.0679; found: 227.0687.

4-Phenyl-4-(prop-1-en-2-yl)-1,3-dioxolan-2-one, 71: Yellow oil. Yield: 35%, 1H
NMR (500 MHz, CDCl3): & = 1.73 (s, 3H), 4.63 (d, ] = 8.6 Hz, 1H), 4.79 (d, ] = 8.6 Hz,
1H), 5.03-5.25 (m, 2H), 7.31-7.53 (m, 5H). 13C NMR (125 MHz, CDCl3): 6 = 184,
73.1, 88.0, 114.0, 125.0, 128.9, 138.4, 142.8, 154.0. IR: 1794 cm™! (C=0). HRMS
(ESI+, MeOH): calcd for C12H1203Na [M + Na]*: 227.0679; found: 227.0677.

4-Methyl-4-vinyl-1,3-dioxolan-2-one, 72: Yellow oil. Yield: 32%, 'H NMR (500
MHz, CDCl3): 6 = 1.60 (s, 3H), 4.18 (d, / = 8.3 Hz, 1H), 4.27 (d, /] = 8.3 Hz, 1H), 5.33
(d, / = 10.9 Hz, 1H), 5.44 (d, J = 17.3 Hz, 1H), 5.94 (dd, / = 10.9; 17.3 Hz, 1H). 13C
NMR (125 MHz, CDCl3): 6 = 24.3, 74.5,82.7,116.7, 137.0, 154.5.

4-Cyclohexyl-4-vinyl-1,3-dioxolan-2-one, 73: Yellow oil. Yield: 62%, 1H NMR

(500 MHz, CDCls): & = 0.93-1.40 (m, 4H), 1.61-1.91 (m, 7H), 4.22 (d, ] = 8.4 Hz, 1H),
432 (d,] = 8.4 Hz, 1H), 5.27-5.61 (m, 2H), 5.85 (dd, ] = 11.0; 17.3 Hz, 1H). 13C NMR
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(125 MHz, CDCl3): 6 = 25.8, 26.1, 26.2, 26.5, 26.7, 45.6, 72.2, 87.3, 116.9, 134.8,
154.7.

Procedure for the preparation of bis-vinyl-carbonate 69:

To a solution of methyl glycolate (500 mg, 5.55 mmol) in dry THF (5 mL)
was added vinylmagnesium bromide (1.0 M THF solution, 22.2 mL, 22.20 mmol) at
0 2C under Ar. The solution was stirred at room temperature for 6 h. The reaction
was then quenched with saturated solution of NH4Cl. The organic phase was
extracted with EtOAc (3 x 10 mL) and dried over anhydrous Na;S04. The volatiles
were removed under reduced pressure affording the crude diol. Hereafter, the
crude diol was dissolved in CH2Cl; (11 mL), followed by the addition of pyridine
(1.8 mL, 22.20 mmol) and triphosgene (824 mg, 2.8 mmol) at 0 ¢C. The resultant
mixture was stirred at room temperature for 4 h and the reaction was quenched by
addition of a saturated aqueous solution of NH4Cl. The organic phase was extracted
with DCM (3x10 mL) and dried over anhydrous Na:SOs4. After removal of the
volatiles, the reaction crude was purified by column chromatography

(Hexane/EtOAc = 4:1 as eluent) to afford the bis-vinyl-carbonate 69.

4,4-Divinyl-1,3-dioxolan-2-one, 69: Yellow oil. Yield: 44%, 1TH NMR (500 MHz,
CDCls): & = 4.33 (s, 2H), 5.43 (d, J = 10.8 Hz, 2H), 5.49 (d, ] = 17.3 Hz, 2H), 5.97 (dd, ]
=10.8; 17.3 Hz, 2H). 13C NMR (125 MHz, CDCl3): § = 73.2, 84.2, 118.5, 134.8, 154.3.
IR: 1791 cm! (C=0). HRMS (ESI+, MeOH): calcd for C;HgO3Na [M + Na]*: 163.0371;
found: 163.0366.

General procedure for the formation of (Z)-1,4-But-2-ene diols:

A screw-capped vial was charged with the respective carbonate (0.2 mmol,
1 eq.), the White catalyst precursor (0.0020 g, 0.004 mmol, 2 mmol%), phosphine
L8 (0.0054 g, 0.01 mmol, 5 mmol%) and DMF (200 uL). The reaction mixture was
stirred at rt for 12 h. Then, the product was purified by flash chromatography
affording the corresponding product. To obtain the compounds 93, 94, 100 and
101 higher loading of catalyst was required (5.0 mol% of palladium precursor, 10
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mol% of L8) and additionally 60 ul of H20 was added; the reactions were carried at
a temperature of 60 2C. All purified products were fully characterized by 1H and 13C
NMR and IR spectra, and HRMS analysis (in the case of newly reported
compounds); 1°F NMR and 2D NMR (COSY, HSQC, DEPTQ135 and 2D 'H-1H NOESY)

analyses were carried out when necessary to fully assign the proposed structures.

(Z)-2-Phenylbut-2-ene-1,4-diol, 74: Yellow oil. Yield: 90%, 'H NMR (500 MHz,
CDCl3): § = 4.34 (d, ] = 6.9 Hz, 2H), 4.54 (s, 2H), 6.09 (t, ] = 6.9 Hz, 1H), 7.27-7.30
(m, 1H), 7.32-7.36 (m, 2H), 7.42-7.45 (m, 2H). 13C NMR (101 MHz, CDCls): § = 58.9,
60.3,126.5,127.8, 128.7, 129.9, 140.6, 142.7.

(Z)-2-(4-Bromophenyl)-but-2-ene-1,4-diol, 75: Yellow oil. Yield: 90%, 1H NMR
(500 MHz, CDCl3): 6 = 2.61 (bs, 2H), 4.35 (d, / = 6.8 Hz, 2H), 4.52 (s, 2H), 6.08 (t, ] =
6.8 Hz, 1H), 6.30 (d, /] = 8.6 Hz, 2H), 7.44 (d, ] = 8.6 Hz, 2H). 13C NMR (125 MHz,
CDClz): 6 =58.9,60.2,121.9,128.1, 130.2, 131.8, 139.6, 141.8. HRMS (ESI+, MeOH):
calcd for C1oH11BrOz2Na [M + Na]*: 264.9835, found: 264.9839.

(2)-2-(4-Chlorophenyl)-but-2-ene-1,4-diol, 76: Yellow oil. Yield: 95%, 'H NMR
(500 MHz, CDCl3): & = 3.24 (bs, 2H), 4.32 (d, ] = 6.9 Hz, 2H), 4.49 (s, 2H), 6.06 (t, /] =
6.9 Hz, 1H), 7.29 (d, J = 8.7 Hz, 2H), 7.36 (d, J = 8.7 Hz, 2H). 13C NMR (125 MHz,
CDCI3): 6 =58.8,59.9,127.8,128.8, 130.2, 133.7, 139.0, 141.4. HRMS (ESI+, MeOH):
calcd for C1oH11ClO2Na [M + Na]*: 221.0340, found: 221.0334.

(Z2)-2-(4-(Benzyloxy)phenyl)-but-2-ene-1,4-diol, 77: Yellow oil. Yield: 74%, 1H
NMR (500 MHz, CDCI3): 6 = 2.11 (bs, 2H), 4.36 (d, /] = 7.0 Hz, 2H), 4.55 (s, 2H), 5.07
(s, 2H), 6.05 (t, ] = 6.9 Hz, 1H), 6.95 (t, J = 8.8 Hz, 2H), 7.30-7.48 (m, 7H). 13C NMR
(125 MHz, CDClz): 6 = 59.1, 60.4, 70.2, 115.0, 124.1, 127.6, 127.7, 128.1, 128.4,
128.7, 135.1, 137.0, 158.4. HRMS (ESI+, MeOH): calcd for C17H1g03Na [M + Na]*:
293.1148, found: 293.1148.

(2)-4-(1,4-Dihydroxybut-2-en-2-yl)-benzonitrile, 78: Yellow oil. Yield: 91%, 'H

NMR (500 MHz, CDCl3): & = 2.73 (bs, 2H), 4.46 (d, ] = 6.7 Hz, 2H), 4.41 (s, 2H), 6.20
(t, ] = 6.7 Hz, 1H), 7.50-7.65 (m, 4H). 13C NMR (125 MHz, CDCl3): § = 59.0, 60.0,
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111.2, 119.0, 127.1, 132.4, 132.7, 141.2, 145.5. HRMS (ESI+, MeOH): calcd for
C11H1102NNa [M + Na]*: 212.0682, found: 212.0682.

(2)-2-(p-Tolyl)-but-2-ene-1,4-diol, 79: Yellow oil. Yield: 80%, H NMR (500 MHz,
CDCl3): 6 = 2.34 (s, 3H), 2.77 (bs, 2H), 4.33 (d, / = 7.0 Hz, 2H), 4.53 (s, 2H), 6.06 (t,]
= 7.0 Hz, 1H), 7.14 (t, ] = 7.9 Hz, 2H), 7.31-7.44 (m, 2H). 13C NMR (125 MHz, CDCl3):
6 =21.2,589, 60.2, 126.4, 129.0, 129.4, 137.6, 137.7, 142.5. HRMS (ESI+, MeOH):
calcd for C11H1402Na [M + Na]*: 201.0886, found: 201.0886.

(Z)-2-(4-Fluorophenyl)-but-2-ene-1,4-diol, 80: Yellow oil. Yield: 97%, 'H NMR
(500 MHz, CDCl3): 6 = 2.92 (bs, 2H), 4.33 (d, / = 6.9 Hz, 2H), 4.50 (s, 2H), 6.03 (t, ] =
6.9 Hz, 1H), 7.00 (d, / = 8.7 Hz, 2H), 7.36-7.46 (m, 2H). 13C NMR (125 MHz, CDCl3): 6
=58.8, 60.2, 115.5 (d, / = 21.3 Hz), 128.2 (d, /] = 8.0 Hz), 129.7, 136.7 (d, ] = 3.3 Hz),
141.8, 162.2 (d, J = 247.2 Hz). 19F NMR (500 MHz, CDCl3): 6 = -114.8. HRMS (ESI+,
MeOH): calcd for C1oH11FO2Na [M + Na]*: 205.0635, found: 205.0634.

(2)-2-([1,1'-Biphenyl]-4-yl)-but-2-ene-1,4-diol, 81: Yellow oil. Yield: 78%, 'H
NMR (500 MHz, Acetone-ds): 6 = 3.85-3.90 (m, 2H), 4.38-4.41 (m, 2H), 4.55(d, J =
5.7 Hz, 2H), 6.11 (t, /] = 6.4 Hz, 1H), 7.33-7.36 (m, 1H), 7.44-7.47 (m, 2H), 7.60-7.68
(m, 6H). 13C NMR (125 MHz, Acetone-ds): 6 = 59.2, 59.8, 127.5, 127.6, 127.7, 128.1,
129.7, 132.0, 140.4, 141.0, 141.5. HRMS (ESI+, MeOH): calcd for C16H1602Na [M +
Na]+*: 263.1043, found: 263.1035. HRMS (ESI+, MeOH): 180 labelled sample: calcd
for CieH1602Na [M + Na]*: 265.1085, found: 265.1081.

(2)-4-Methyl-(1,4-dihydroxybut-2-en-2-yl)-benzoate, 82: Yellow oil. Yield:
84%, TH NMR (500 MHz, CDCls): 6 = 2.74 (bs, 2H), 3.90 (s, 3H), 4.37 (d, /] = 6.8 Hz,
2H), 4.53 (s, 2H), 6.16 (t, / = 6.7 Hz, 1H), 7.48 (d, ] = 8.5 Hz, 2H), 7.96 (d, ] = 8.5 Hz,
2H). 13C NMR (125 MHz, CDCl3): 6 = 52.3, 59.0, 60.0, 126.4, 126.6, 129.9, 131.8,
141.7, 145.3, 167.1. HRMS (ESI+, MeOH): calcd for Ci2H1404Na [M + Na]*:
245.0784, found: 245.0778.

(Z2)-2-(4-(tert-Butyl)phenyl)-but-2-ene-1,4-diol, 83: Yellow oil. Yield: 91%, 1H
NMR (500 MHz, CDCI3): 6 = 1.32 (s, 9H), 2.75 (bs, 2H), 4.33 (d, J = 7.0 Hz, 2H), 4.53
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(s, 2H), 6.08 (t, J = 7.0 Hz, 1H), 7.33-7.48 (m, 4H). 13C NMR (125 MHz, CDCl3): & =
31.4,34.7,58.9, 60.2, 125.6, 126.2, 129.2, 137.5, 142.4, 150.9. HRMS (ESI+, MeOH):
calcd for C14H2002Na [M + Na]*: 243.1356, found: 243.1346.

(2)-2-(4-Isopropylphenyl)-but-2-ene-1,4-diol, 84: Yellow oil. Yield: 97%, 'H
NMR (500 MHz, CDClz): 6 = 1.25 (d, ] = 6.9 Hz, 2H), 2.68 (bs, 2H), 2.90 (dt, 7.0; 14.2
Hz, 1H), 4.34 (d, J = 7.0 Hz, 2H), 4.54 (s, 2H), 6.08 (t, / = 7.0 Hz, 1H), 7.20 (d, ] = 8.2
Hz, 2H), 7.37 (d, ] = 8.2 Hz, 2H). 13C NMR (125 MHz, CDCl3): 6 = 24.6, 33.9, 59.0,
60.3, 126.5, 126.8, 138.0, 142.6, 148.7. HRMS (ESI+, MeOH): calcd for C13H1802Na
[M + Na]*: 229.119, found: 229.119.

(Z)-2-(4-(Methylthio)phenyl)-but-2-ene-1,4-diol, 85: Yellow oil. Yield: 50%, H
NMR (500 MHz, CDCl3z): 6 = 2.09 (bs, 2H), 2.51 (s, 3H), 4.41 (d, / = 6.8 Hz, 2H), 4.58
(s, 2H), 6.12 (t, ] = 6.7 Hz, 1H), 7.19-7.31 (m, 2H), 7.30-7.46 (m, 2H). 13C NMR (125
MHz, CDCl3): § = 15.9, 59.1, 60.4, 126.7, 126.9, 129.4, 137.3, 139.3, 142.4. HRMS
(ESI+, MeOH): calcd for C11H1402SNa [M + Na]+*: 233.0607, found: 233.0597.

(Z2)-2-(Furan-3-yl)-but-2-ene-1,4-diol, 86: Yellow oil. Yield: 82%, 'H NMR (400
MHz, CDCl3): § = 2.49 (s, 2H), 4.32 (d, ] = 7.1 Hz, 2H), 4.41 (s, 2H), 6.06 (t, ] = 7.1 Hz,
1H), 6.53 (s, 1H), 7.54-760 (m, 1H), 8.37-8.38 (m, 1H). 13C NMR (101 MHz, CDCl3):
6 = 58.5,59.9, 108.1, 125.8, 126.9, 134.1, 139.8, 143.6. HRMS (ESI+, MeOH): calcd
for CsH1003Na [M + Na]*: 203.0315, found: 203.0320.

(Z)-2-(Thiophen-3-yl)-but-2-ene-1,4-diol, 87: Yellow oil. Yield: 98%, 'H NMR
(400 MHz, CDCI3): 6 = 2.80 (s, 2H), 4.30 (d, / = 7.1 Hz, 2H), 4.47 (s, 2H), 6.16 (t, ] =
7.1 Hz, 1H), 7.21-7.22 (m, 1H), 7.26-7.28 (m, 1H), 7.32-7.33 (m, 1H). 13C NMR (101
MHz, CDCl3): 6 = 58.6, 59.9, 121.4, 125.8, 126.1, 128.2, 137.1, 141.5. HRMS (ESI+,
MeOH): calcd for CsH9OS [M - OH]J*: 153.0369, found: 153.0373.

(E)-2-(Furan-2-yl)-but-2-ene-1,4-diol, 88: Yellow oil. Yield: 84%, 1H NMR (500

MHz, CDCl3): & = 2.34 (bs, 2H), 4.37 (d, ] = 7.1 Hz, 2H), 4.47 (s, 2H), 6.32-6.53 (m,
3H), 7.38 (d, ] = 1.8 Hz, 1H). 13C NMR (125 MHz, CDCl3): 6 = 58.3, 58.5, 107.0, 111.6,
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126.0, 132.4, 142.4, 153.5. HRMS (ESI+, MeOH): calcd for CgHi003Na [M + Na]*:
177.0522, found: 177.0514.

(Z2)-2-(Pyridin-3-yl)-but-2-ene-1,4-diol, 89: Yellow oil. Yield: 61%, 1H NMR (500
MHz, CDCl3): 6 = 4.36 (d, J = 6.7 Hz, 2H), 4.50 (s, 2H), 6.08 (t, /] = 6.7 Hz, 1H), 7.22
(dd, J = 4.7; 7.9 Hz, 1H), 7.75 (dt, ] = 1.9; 7.9 Hz, 1H), 8.41 (dd, J = 1.6; 5.0 Hz, 1H),
8.60 (d, J = 2.3 Hz, 1H). 13C NMR (125 MHz, CDCl3): § = 58.6, 59.5, 123.5, 132.1,
134.3,136.8,139.1, 147.5, 148.2. HRMS (ESI+, MeOH): calcd for CoH12NO2 [M + H]*:
166.0855, found: 166.0863.

(Z)-2-(m-Tolyl)-but-2-ene-1,4-diol, 90: Yellow oil. Yield: 76%, 1H NMR (500
MHz, CDClz): 6 = 2.35 (s, 3H), 2.60 (bs, 2H), 4.36 (d, ] = 6.9 Hz, 2H), 4.55 (s, 2H),
6.08 (t, / = 6.9 Hz, 1H), 7.08-7.13 (m, 1H), 7.21-7.27 (m, 2H). 13C NMR (125 MHz,
CDCl3): 6 = 21.6, 59.0, 60.4, 123.6, 127.3, 128.5, 128.6, 129.7, 138.3, 140.6, 142.9.
HRMS (ESI+, MeOH): calcd for C11H1402Na [M + Na]*: 201.0886, found: 201.0889.

(2)-2-(3-Bromophenyl)-but-2-ene-1,4-diol, 91: Yellow oil. Yield: 81%, 'H NMR
(500 MHz, CDCI3): 6 = 2.85 (bs, 2H), 4.35 (d, J = 6.8 Hz, 2H), 4.50 (s, 2H), 6.08 (t, ] =
6.8 Hz, 1H), 7.19 (t, ] = 8.0 Hz, 1H), 7.35 (dd, J = 8.0; 1.9 Hz, 1H), 7.40 (dd, ] = 8.0;
1.9 Hz, 1H), 7.58 (t, ] = 1.9 Hz, 1H). 13C NMR (125 MHz, CDCl3): & = 58.9, 60.1, 122.8,
125.1, 129.6, 130.1, 130.8, 131.1, 141.4, 142.9. HRMS (ESI+, MeOH): calcd for
C10H11BrOz2Na [M + Na]*: 264.9835, found: 264.9826.

(Z2)-2-(3-Chlorophenyl)-but-2-ene-1,4-diol, 92: Yellow oil. Yield: 79%, 'H NMR
(500 MHz, CDCl3): § = 2.33 (bs, 2H), 4.38 (d, / = 6.8 Hz, 2H), 4.53 (s, 2H), 6.11 (t, ] =
6.8 Hz, 1H), 7.24-7.50 (m, 3H). 13C NMR (125 MHz, CDCl3): § = 59.0, 60.4, 124.7,
126.7, 127.8, 129.9, 131.0, 134.6, 141.7, 142.6. HRMS (ESI+, MeOH): calcd for
C10H1102CINa [M + Na]*: 221.0340, found: 221.0334.

(2)-2-(2-Fluorophenyl)-but-2-ene-1,4-diol, 93: Yellow oil. Yield: 55%, 1TH NMR
(500 MHz, CDCl3): & = 4.42 (d, ] = 6.7 Hz, 2H), 4.52 (s, 2H), 6.05 (t, ] = 6.7 Hz, 1H),
7.00-7.16 (m, 2H), 7.23-7.35 (m, 2H). 1°F NMR (500 MHz, CDCI3): § = -115.9. 13C
NMR (101 MHz, CDCl3): 6 = 55.9,61.1 (d, /] = 4.2 Hz), 115.8 (d, ] = 23.4 Hz), 124.4 (d,
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J=3.1Hz),129.1 (d, ] = 14.6 Hz), 129.4 (d, ] = 8.0 Hz), 130.5 (d, / = 4.3 Hz), 133.4
(d, ] = 2.6 Hz), 139.0 (d, / = 2.1 Hz), 160.0 (d, J = 246.5 Hz). HRMS (ESI+, MeOH):
calcd for C1oH11FO2Na [M + Na]*: 205.0635, found: 205.0625.

(2)-2-(2-Bromophenyl)-but-2-ene-1,4-diol, 94: Yellow oil. Yield: 63%, H NMR
(500 MHz, CDCI3): 6 = 4.38 (d, / = 6.8 Hz, 2H), 4.52 (s, 2H), 6.10 (t, / = 6.8 Hz, 1H),
7.20 (t,/=7.9 Hz, 1H), 7.36 (ddd, J = 1.1; 1.8; 7.8 Hz, 1H), 7.41 (ddd, /= 1.0; 1.9; 7.8
Hz, 1H), 7.59 (t, J = 1.9 Hz, 1H). 13C NMR (101 MHz, CDCl3): § = 59.0, 60.3, 122.8,
125.1, 129.6, 130.2, 130.8, 131.1, 141.6, 142.9. HRMS (ESI+, MeOH): calcd for
C10H11BrOz2Na [M + Na]*: 264.9835, found: 264.9842.

(Z)-2-(3,5-Dimethylphenyl)-but-2-ene-1,4-diol, 95: Yellow oil. Yield: 85%, 1H
NMR (500 MHz, CDClz): § = 2.32 (s, 6H), 4.40 (d, /] = 6.8 Hz, 2H), 4.57 (s, 2H), 6.09
(t,/ = 6.8 Hz, 1H), 6.95 (dt, / = 0.8; 1.6 Hz, 2H), 7.06 (dt, / = 0.8; 1.6 Hz, 2H). 13C NMR
(101 MHz, CDCl3): 6 = 21.5, 59.2, 60.7, 124.4, 129.5, 129.6, 138.3, 140.5, 143.4.
HRMS (ESI+, MeOH): calcd for C12H1602Na [M + Na]*: 215.1043, found: 215.1040.

(2)-2-(3,4-Dichlorophenyl)-but-2-ene-1,4-diol, 96: Yellow oil. Yield: 73%, 'H
NMR (500 MHz, CDCls): & = 2.73 (bs, 2H), 4.36 (d, ] = 6.7 Hz, 2H), 4.49 (s, 2H), 6.10
(t, ] = 6.7 Hz, 1H), 7.22-7.30 (m, 1H), 7.39 (d, ] = 8.4 Hz, 1H), 7.50-7.57 (m, 1H). 13C
NMR (125 MHz, CDCl3): 6 = 58.9, 60.0, 124.1, 125.8, 128.5, 130.5, 131.3, 132.7,
140.8, 140.8. HRMS (ESI+, MeOH): calcd for C10H1002Cl2Na [M + Na]*: 254.9950,
found: 254.9940.

(2)-2-(3-Bromo-4-fluorophenyl)-but-2-ene-1,4-diol, 97: Yellow oil. Yield: 83%,
'H NMR (500 MHz, CDCl3): 6 = 4.33 (d, ] = 6.7 Hz, 2H), 4.47 (s, 2H), 6.03 (td, ] = 1.4;
6.8 Hz, 1H), 7.06 (td, / = 09; 8.4 Hz, 1H), 7.29-7.35 (m, 1H), 7.63 (dd, J = 2.3; 6.6 Hz,
1H). 19F NMR (500 MHz, CDCl3): § = -109.1. 13C NMR (101 MHz, CDClz): 6 = 58.8,
60.1,109.2 (d, J = 21.0 Hz), 116.5 (d, J = 22.3 Hz), 127.1 (d,J = 7.1 Hz), 130.8 (d, ] =
1.4 Hz), 131.6, 138.4 (d, J = 3.8 Hz), 140.6, 158.7 (d, ] = 248.2 Hz). HRMS (ESI-,
MeOH): calcd for C11H11FBrO4 (M+HCOO)-: 304.9825, found: 304.9815.
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(Z)-2-(Naphthalen-2-yl)-but-2-ene-1,4-diol, 98: Yellow oil. Yield: 50%, 1H NMR
(400 MHz, CDCI3): 6 = 4.51 (d, J = 6.7 Hz, 2H), 4.59 (s, 2H), 5.99 (t, ] = 6.6 Hz, 1H),
7.33-7.35 (m, 1H), 7.43-7.46 (m, 1H), 7.47-7.54 (m, 2H), 7.80-7.82 (m, 1H), 7.85-
7.88 (m, 1H), 7.97-8.00 (m, 1H). 13C NMR (101 MHz, CDCI3): § = 59.3, 62.7, 125.5,
125.6, 126.0, 126.1, 126.4, 128.1, 125.6, 131.5, 132.4, 133.9, 139.6, 143.2. HRMS
(ESI+, MeOH): calcd for C14H1402Na [M + Na]*: 237.0873, found: 237.0877.

(Z)-2-(6-Methoxy-naphthalen-2-yl)-but-2-ene-1,4-diol, 99: White solid. Yield:
73%, 1TH NMR (500 MHz, CDCI3): 6 = 3.93 (s, 3H), 4.46 (d, ] = 6.8 Hz, 2H), 4.69 (s,
2H), 6.24 (t,] = 6.8 Hz, 1H), 7.08-7.20 (m, 2H), 7.56 (dd, / = 1.9; 7.6 Hz, 1H), 7.71 (d,
J=4.8Hz, 1H), 7.73 (d, ] = 5.0 Hz, 1H), 7.84 (d, / = 1.8 Hz, 1H). 13C NMR (101 MHz,
CDCI3): 6 = 55.4, 59.3, 60.6, 105.8, 119.3, 125.1, 125.2, 127.2, 129.0, 129.6, 129.8,
134.2, 135.5, 143.1, 158.1. HRMS (ESI+, MeOH): calcd for C1sH1603Na [M + Na]*:
267.0992, found: 267.0992.

(2)-2-Phenyl-pent-2-ene-1,4-diol, 100: Yellow oil. Yield: 77%, 'H NMR (400
MHz, CDCl3): § = 1.36 (d, ] = 6.3 Hz, 3H), 2.60 (bs, 2H), 4.47 (d, ] = 12.3 Hz, 1H), 4.64
(d, ] = 12.6 Hz, 1H), 4.75-4.81 (m, 1H), 5.88 (d, J = 8.1 Hz, 1H), 7.26-7.36 (m, 3H),
7.41-7.44 (m, 2H). 13C NMR (101 MHz, CDCl3): § = 23.9, 60.5, 64.5, 126.5, 127.8,
128.7, 135.5, 140.7, 141.0. HRMS (ESI+, MeOH): calcd for C11H1402Na [M + Nal*:
201.0886, found: 201.0889.

(2)-2-Methyl-3-phenyl-but-2-ene-1,4-diol, 101: Yellow oil. Yield: 48%, 1H NMR
(500 MHz, CDCl3): & = 1.74 (s, 3H), 4.32 (s, 2H), 4.43 (s, 2H), 7.19-7.21 (m, 2H),
7.25-7.28 (m, 1H), 7.34-7.37 (m, 2H). 13C NMR (126 MHz, CDCl3): § = 19.4, 63.6,
63.8, 127.0, 128.5, 128.7, 136.4, 138.9, 141.4. HRMS (ESI+, MeOH): calcd for
C11H1402Na [M + Na]+: 201.0886, found: 201.0886.

2-Vinyl-but-2-ene-1,4-diol, 105: Yellow oil. Yield: 73%, mixture of isomers in a
72:28 Z/E ratio. 1H NMR (500 MHz, CDCls, major isomer): § = 2.96 (bs, 2H). 4.29 (d,
J = 6.8 Hz, 2H), 4.34 (s, 2H), 5.14 (d, / = 10.9 Hz, 1H), 5.40 (d, / = 17.6 Hz, 1H), 5.84
(t,/=7.0 Hz, 1H), 6.31 (dd, J = 10.9; 17.7 Hz, 1H). 13C NMR (125 MHz, CDCl3, major
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isomer): § = 56.9, 58.6, 114.3, 132.8, 138.1, 140.2. HRMS (ESI+, MeOH): calcd for
CeH1002Na [M + Na]*: 137.0578, found: 137.0573.

Preparation and characterization of the compounds obtained in the control

experiments and post-modification experiments.

/«o Ph
o)
o)
Z NaOH
_—
H,O / DMF HO OH
Ph
50 104

Scheme 4.10: Hydrolysis of carbonate 50 under basic conditions to obtain the 1,2-diol 104.

The carbonate 50 was dissolved into a NaOH (5 equiv.) solution in
H20/DMF. The mixture was left stirring for 8 h at room temperature. Thereafter
the crude mixture was extracted with EtOAc (50 mL). Drying of the organic layer

over sodium sulphate and concentration in vacuo afforded the 1,2-diol 104.

2-([1,1'-Biphenyl]-4-yl)-but-3-ene-1,2-diol, 104: Yellow oil, Yield: 97%, 1TH NMR
(500 MHz, CDCIz): 6 = 2.17 (bs, 1H), 3.01 (bs, 1H), 3.82-3.88 (m, 2H), 5.33 (dd, J =
1.1; 10.7 Hz, 1H), 5.45 (dd, J = 1.2; 17.3 Hz, 1H), 6.20 (dd, J = 10.7; 17.3 Hz, 1H),
7.58-7.61 (m, 4H), 7.34-7.37 (m, 1H), 7.43-7.46 (m, 2H), 7.53-7.55 (m, 2H). 13C
NMR (101 MHz, CDCl3): 6 = 69.5, 77.4, 115.8, 126.2, 127.2, 127.3, 127.5, 128.9,
140.5, 140.6, 140.7, 141.5. HRMS (ESI+, MeOH): calcd for Ci6H1602Na [M + Na]*:
263.1043, found: 263.1049.

Ph Ph @] Ph
I e o U W 20 W
HO OH MeO OMe MeO OMe
74 107

108

Scheme 4.11: General procedure to obtain the highly substituted cis-epoxide 108.
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To a solution of compound 74 (60 mg, 0.36 mmol, 1 eq.) in dry DMF (2 mL)
was added NaH (45 mg, 1.1 mmol, 3 eq.) at 0 2C under Ar and stirred for 30 min.
After that Mel (0.1 mL, 1.46 mmol, 4 eq.) was added dropwise and the reaction was
stirred for another 18 h. The reaction was then quenched with a saturated solution
of NH4Cl and the organic phase was extracted with EtOAc (3 x 10 mL). The
combined organic phases were dried over NazSO4, concentrated under reduced
pressure and purified by column chromatography (Hexane/EtOAc = 4:1 as eluent)
to afford the protected compound 107 (68 mg, 98% yield) as a brown oil. The pure
product 107 (40 mg, 0.208 mmol, 1 eq.) was dissolved in CH2Cl; (2 mL) and m-
CPBA (56 mg, 0.229 mmol, 1.1 eq) was added at 0 2C. The resultant reaction
mixture was stirred for 16 h and quenched by addition of a saturated aqueous
solution of thiosulfate. The organic phase was extracted with CH:Clz (3 x 10 mL),
and washed with saturated aqueous solution of sodium bicarbonate, and dried
over anhydrous Na;S04. Upon the removal of the solvent under reduced pressure,
the crude of the desired product was afforded, which was purified by column

chromatography (Hexane/EtOAc = 5:1 as eluent) to give the epoxide 108.

(2)-(1,4-Dimethoxybut-2-en-2-yl)-benzene, 107: Brown oil. Yield: 98%, 1H NMR
(400 MHz, CDCl3): & = 3.35 (s, 3H), 3.41 (s, 3H), 4.22 (d, ] = 6.4 Hz, 2H), 4.35 (s, 2H),
6.09 (t, J = 6.4 Hz, 1H), 7.24-7.36 (m, 3H), 7.41-7.46 (m, 2H). 13C NMR (101 MHz,
CDCI3): 6 = 58.1, 58.4, 69.1, 69.6, 126.5, 127.6, 128.5, 129.6, 139.2, 140.8. HRMS
(ESI+, MeOH): calcd for C12H1602Na [M + Na]*: 215.1043, found: 215.1049.

(cis)-2,3-Bis(methoxymethyl)-2-phenyloxirane, 108: Yellow oil. Yield: 77%, 1H
NMR (400 MHz, CDCl3): 6 = 3.11 (dd, J = 3.8; 6.5 Hz, 1H), 3.38 (s, 3H), 3.45 (s, 3H),
3.60 (dd, J = 6.5; 11.5 Hz, 1H), 3.78 (d, / = 11.0 Hz, 1H), 3.85 (dd, J = 3.8; 11.5 Hz,
1H), 3.96 (d, J = 11.0 Hz, 1H), 3.27-3.47 (m, 5H). 13C NMR (101 MHz, CDCI3): 6 =
59.2, 59.3, 61.4, 60.1, 70.7, 73.7, 125.8, 127.9, 128.4, 139.2. HRMS (ESI+, MeOH):
calcd for C12H1603Na [M + Na]*: 231.0997, found: 231.1002.
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O
Ph O
Ph
=~ P \[Zfo
HO OH Ph
74 )
109: 85:15 ratio

Scheme 4.12: General procedure to obtain functionalized lactone 109 starting from 1,4-diol 74.

To a solution of diol 74 (33 mg, 0.2 mmol, 1 eq.) in CH3CN (0.5 mL) were
added Cul (4 mL, 0.01 mmol, 5.0 mol %), 2,2"-bipyridine (2 mg, 0.01 mmol, 5.0 mol
%), N-methyl imidazole (2.0 mg, 0.020 mmol, 10 mol %) and 9-
azabicyclo[3.3.1]nonane N-oxyl (0.28 mg, 0.0020 mmol, 1.0 mol %). The mixture
was stirred for 2 h (the color of reaction changed to green when the reaction was
finished). Water was added (1 mL) and the organic phase was extracted with
CH2Clz (3 x 5 mL) and dried over anhydrous Na;S04. The volatiles were removed

under reduced pressure to give the desired lactone 109.

4-Phenylfuranone, 109: Yellow oil. Yield: 97%, mixture of isomers in 85:15 ratio.
1H NMR (500 MHz, CDCI3 major isomer): § = 5.23 (d, / = 1.8 Hz, 2H), 6.39 (t,/ = 1.8
Hz, 1H), 7.47-7.54 (m, 5H). 13C NMR (101 MHz, CDCl3, major isomer): 6 = 71.2,
113.3,126.6,129.5,131.9, 144.3, 164.0, 174.0.

OMe
Ph O O
., —
HO OH —
74 Ph 110

Scheme 4.13: Procedure to protect the (Z)-1,4-diol 74 with trimethyl orthoformate.

To a solution of diol 74 (33 mg, 0.2 mmol, 1 eq.) in DCM (1 mL) were added
trimethyl orthoformate (44 pL, 0.40 mmol, 2.0 eq.) and racemic camphorsulfonic
acid catalyst (0.46 mg, 0.0020 mmol, 1.0 mol %), and the mixture was stirred for 3
h. After that, the volatiles were removed under reduced pressure to afford the pure

product 110.
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2-Methoxy-5-phenyl-4,7-dihydro-1,3-dioxepine, 110: Brown oil. Yield: 93%, 'H
NMR (500 MHz, CDCl3): 8§ = 3.45 (s, 3H), 4.23-4.32 (m, 1H), 4.50 (dd, J = 2.1; 15.8
Hz, 1H), 4.57-4.65 (m, 1H), 4.88 (dd, J = 2.1; 15.8 Hz, 1H), 5.47 (s, 1H), 5.72-5.95
(m, 1H), 7.26-7.34 (m, 5H). 13C NMR (101 MHz, CDCl3): § = 53.8, 61.4, 64.1, 113.9,
126.2,126.4,127.7,128.6,139.7, 141.3.

Single crystal X-ray analysis of compound 81:

Single crystals of compound 81 (Figure 4.1) were obtained after slow
evaporation of the solvent (mixture of CHCl3 and hexane) in a vial. These were
immersed under inert conditions in perfluoro-polyhether as protecting oil for
further manipulation. Data Collection: measurements were made on a Bruker-
Nonius diffractometer equipped with an APPEX Il 4 K CCD area detector, a FR591
rotating anode with Mo Ko radiation, Montel mirrors and a Kryoflex low
temperature device (T = —1732C). Full-sphere data collection was used with @ and
@ scans. Programs used: Data collection Apex2V2011.3 (Bruker-Nonius 2008), data
reduction Saint+Version 7.60 A (Bruker AXS 2008) and absorption correction
SADABS V. 2008-1 (2008). Structure Solution: SHELXTL Version 6.10 (Sheldrick,
2000) was used.>® Structure Refinement: SHELXTL-97-UNIX VERSION. The
supplementary crystallographic data for this crystal be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/

data_request/cif. CCDC-1465246.
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Conclusions

Supramolecular scaffolds with inner cavities, also called cavitands, can be
used in material science for molecular recognition, and in organic synthesis as
powerful catalysts. The cavitand scaffold can be easily accessed and modulated by
a condensation reaction of simple starting materials. After functionalization of the
upper and lower rims of the cavitand, the affinity constant can be tuned in order to
bind a specific substrate. These processes are controlled by weak supramolecular
interactions (such as metal coordination or hydrogen bonds), and the cavitand

scaffolds often form aggregates through self-assembly processes.

Figure 1: A carcerand scaffold encapsulating a solvent (toluene) molecule.

Interested by the use of molecular containers as hosts towards enantio-
selective molecular recognition, a calix[4]arene (5; chapter 2, see also Figure 2)
was designed having two co-facial zinc(salphen) units which have high affinity to
bind small molecules containing nitrogen donor atoms. The structure was
designed in such a way to avoid undesired competitive self-assembly processes
that could compete with the interaction of the desired guest in the inner cavity.
This host-guest system presents a unique and unexpected binding motif where

two molecules of the calix[4]arene host bind one diamine guest molecule to form
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an encapsulated system with effective chirality transfer from the chiral diamine to
the pro-chiral calix[4]arene structure, as was confirmed by CD spectroscopy. This
host-guest system presents high stability (more than 40 equivalents of the chiral
diamine are required to break the capsule; the 2:1 binding K21 constant was
determined at 1.59 + 0.14 x 1011 M-2) and prospectively allows for the recognition of
a series of chiral diamines, their absolute configuration and their enantiomeric

excess at low concentration.

Figure 2: (Left) Encapsulation of the diamine by two calix[4]arenes 5; (right) design of the
calix[4]arene 5 host and the CD spectra recorded combining the calix[4]arene 5 and the chiral

diamine (R,R)-(+)-1,2-diphenylethylenediamine.

The resorcin[4]arene scaffolds are based on the combination of polyphenol
units forming a cavitand molecule. They can be easily obtained by a simple
condensation reaction of the polyphenol and an aldehyde under acidic conditions.
These molecules often form hexamers as a consequence of a self-assembly process

through intermolecular hydrogen bonding interactions (Figure 3).
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Figure 3: Intra- and inter-molecular hydrogen-bonding networks in the cavitand structures.

Polyphenols are known to catalyze the coupling of epoxides and CO: to
obtain organic cyclic carbonates. The development of sustainable catalysts is an
important factor in the field of CO; valorization, where useful organic molecules
are formed using an industrial waste. By modifying the upper and the lower rims
of the resorcin[4]arene moiety it was possible to optimize the catalytic activity for
this CO2 conversion reaction, and minimizing undesired and competitive cavitand
self-assembly. Different organocatalysts based on such polyphenols were screened
and compared with each other and their kinetic profiles showed that the
resorcin[4]arene based polyphenols constitute the highest activity and thermal
stability (at elevated temperatures; cf,, 50-802C) , which allows to obtain high TON

and TOF values; apart from the attractive kinetic features, also an unusual scope in

disubstituted carbonate products derived from internal epoxides was
accomplished.
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Figure 4: Kinetic profiles of pyrogallol 12 (red), resorcin[4]arene 17 (green), pyrogallol[4]arene
22 (blue) and resorcinol 11 (gold) at 50 °C.
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An interesting application of organic cyclic carbonates is the stereoselective

formation of 1,4-but-2-ene-diols via a decarboxylative functionalization process.

The synthesis of these 1,4-diols under excellent stereocontrol opens up a new

opportunity in the field of polymer chemistry or total synthesis, where these kind

of compounds are important building blocks. The reaction is catalyzed by a

palladium precursor combined with a suitable diphosphine ligand (DPEPhos)

using DMF as solvent, and no special precautions or additives are required. This

reaction presents excellent functional group tolerance and exquisite stereocontrol

(28 examples with Z/E ratios >99:1 in all cases). Control experiments confirm that

the diol formation is indeed mediated by water present in the solvent. The

excellent stereocontrol is ascribed to hyper-conjugation in a key intermediate

forming a six-membered palladacycle, where the final stereo-information is

already determined.
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Figure 5: Proposed catalytic cycle for the formation of the (Z)-1,4-diol 74 through a palladium

catalyzed decarboxylation of the carbonate following stereoselective hydration.
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